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FOREWORD

This report has been prepared under Task 31, "Meteorological
Aspects of Refraction and Propagation of Radar Waves," which was
assigned to the U. S. Navy Weather Research Facility for the purpose
of developing new techniques for predicting atmospheric propagation
parameters. Fleet and field units, ope-- ating microwave radio and radar
equipment, require atmo.jheric inforL ation in order to evaluate and
predict the pertrrmance oi naval communications and detection systems.

This publicatior, is intended as a comprehensive reference in
radio-radar meteorology for Naval Weather Service personnel. It is
not a procedural manual and, more often than not, suggests several
solutions to a given problem without prescribing the "best one". Our
objective has been to assemble sufficient general information so as to
facilitate the so.Tution of new, as well as routine, problems as they arise
in the field. In an era of rapid technological advance and of ever-
changing concepts as to the tactical employment of radio and radar sys-
tems, new problems must be dealt with on an almost daily basis.

The central ideas presented herein are largely the result of re-
search, supported inpart by the U. S. Navy Weather Research Facility,
at Smyth Research Associates in San Diego, California and at the Boulder
Laboratories of the National Bureau of Standards in Boulder, Colorado.
Chapters 5, 6,and 7 were taken almost wholly from a manuscript written
under contract by Mr. L. J. Anderson of Smyth Research Associates.
Chapl:ers 8 and 9 were taken almost wholly from technical reports pre-
pared by Mr. B. R. Bean and associates at the Boulder Laboratories
of the National Bureau of Standards. Chapters 1, 2, 3, and 4 were as-
seinbled by the undersigned from current literature.

"1,e restarct.. program, which laid the foundations for this report,
was organized under the direction of Corner. J. P. YJug, USN, with the

assistance of Mr. Paul L. Hexter. Excellent editorial assistance ":as
provided during the assembly of this publication by Mr. John M. Mercer.

DANIEL RF
Commander, U. S. Navy
Officer in Charge

N, vy Weather Research Facility
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INTRODUCTION

A specific responsibility of the meteorological ficer, as stated
in U. S. Navy Regulations , is to provide "the inform4i.!on nc.sarj
for evaluation of the effects of sea and atmospheric conditions on radai
and sonar performance." In order to provide this bnformation (insofar
as it relates to radar performance) the weather officer must:

1. Understand the effects of atmos.- eric variables on (radio
and) radar performance.

2. Know the fleet requirements for atmospheric information
in terms of current operational employment.

3. Collect the necessary data, and make those analyses per-
tinent to a description of existing atmospheric propaga-
tion cond~tions.

4. Describe the propagation conditions that will be encoun-
tered at some future time.

It should perhaps be emphasized that success can only be achieved by
taking each of these four actions.

It is the aim of this manual to provide the Naval Weather Service
officer with information of direct assistance in connection with items
1, 3, and 4 above. A knowledge of fleet requirements (item 2) can only
be obtained, from experience and through frequent and detailed discus-
sions with command and operational personnel. The weather officer
must take the initiative in order to fully inform himself concerning fleet
(operational) requirements.

It shou.1d be mentio aed here that since the material in this manual
was gathered fron, many bources, the lette.s and syrabol, used in the
text and equations are not necessarily uniformly defined throughout the
entire manual; i.e., the symbols may only be consistent in meaning
within the section where they are used.

In part I of this manual, some of the basic principles of radio-

1U. S. N svy Rtgulations, Chapter 9, Article 0928.
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radar propagation are presented in order to familiarize the reader wi.th
the nature of electromagnetic energy and how it propagates through the
atmosphere. No attempt has be'en made topresent a complete treatise
on the subject; only that information considered to be e. ential to an
elementary understanding of the subject has been included. -art II con-
tains a rather general discussion of atmospheric refraction, the methods
available for obtaining refractive index data, and the various modified
indices in common use. In part III, working methods for computing
radio-radar performance are presented, tog ther with numerical ex-
amples (in some cases) intended to clarify tx.- procedures used. In
order to apply the methods of part III intelligently, the reader should
become as familiar as possible with the background material presented
in parts I and II.

The final section of this manual, part IV, presents information
available from various climatological and synoptic studio e of atmos-
pheric refractivity. This material has been included not only because
of its interest in connection with planning problems, but more particu-
larly because of its importance in predicting future refractive condi-
tions. It seems unlikely that our ability to forecast pressure, tempera-
ture, and humidity will improve rapidly enough within the next decade
to permit one to predict future propagation conditions from direct fore-
casts of these parameters. Refractivity forecasts will more probably
be made, within the foreseeable future, from a consideration of the ex-
pected cliira cological and synoptic influences on present (observed)
conditions.

In concluding this introduction it may be well to mention that ab-
normal radio-radar performance may be the result of improper or
abnormal functioning of the radar equipment, or it may be the result
of atmospheric effects. In the first instance the electronics (or radar)
officer must take action. In the second instance, the weather officer
and the electronics officer must take joint, coordinated action in order
to minimize detrirnet"al '-nd to take advantage of favorable) atmos-
pheric conditions. Work with your electronics - CIC - radar t-ammates.

xiv



PART I

BASIC PRINCIPLES
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1. ELECTRFMAGNETIC PROPAGATION

1.1 Characteristics of Electromagnetic Waves

The wave nature of visible light was first demonstrated by Thomas
Young in 1801. James Clerk Maxwell, after a study of Faraday's scien-
tific papers, published several mathemati " treatises on the electro-
magnetic theory of light in the late 1860's. It was not, however, until
1873 that this theory appea -ed in a fully developed form in his "Elec-
tricity and Magnetism". Maxwell reduced all electric and magnetic
phenomena to stresses and motions of a material medium and proved
that electromagnetic waves in a homogeneous, transmitting medium
tend to propagate in straight lines with a velocity equal to

V (1.1)

where c is the velocity of light, M is the magnetic permeability, and k
is the dielectric constant of the medium.

Since Maxwell's time it has been found that there is an entire
spectrum of electromagnetic waves, covering at least 20 decades of
wavelength, over which the physical characteristics of the waves are
identical, except for wavelength itself. A representation of a simple
wave motion is shown in figure 1.1. In this figure a periodic variable,
A, is plotted graphically as a function of time, t. For the case of an
electromagnetic wave the quantity A may be considered to be either the
electric field strength or the magnetic field strength at some fixed point
in space. If we define one wavelength, 'A, as the distance from crest to
crest (or trough to trough) and the frequency, f, as the number of cycles
completed per unit time; i.e., the number of wavelengths which pass a
fixed point in uni+ time. the velocity of propagation, v, is equal to

v Xf , (1.2)

or, from equation (1.1)

c
)'f - (1.3'

c11 hI, Lgnieou3 rn dium the quantityr,=- - is a constant (i.e., the prop-

agation velocity is constant) so that 'either wavelength or frequency,
which are inversely related, may be used to uniquely describe any par-
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Figure 1.1. A Simple Sine Wave.

ticular electromagnetic wave.

Electromagnetic energy propagates best in & vacuum, where both
/4 and k equal unity; however, most gases and some solids are trans-
parent to it as w ll. The velocity of propagation in a vacuum is identical
over the entire wavelength spectrum and is equal to the velocity of light
(3.0 x 108 cm./sec.). One of the basic axioms of physics is that this
is the maximum veloci., a:auiable oy -nergy oe .. atter.

In some of its properties electromagnetic energy behaves as though
it consisted of energy packets (quantd.) instead of waves. This has given
rise to the branch of physics known as "quantum mechanics", which
has done much to clarify many of the puzzling phenomena which have
been observcd, particularly at cxtremely short wavelengths. For the
purpo.- !s c.4v thic7 manual hoe7er, one may cegard electromagnetic
energy as being pu ely a wave phenomenon. Ir the radio-radar spec-
trum, the wave nature of the energy is sufficiently general to describe
all the phenomena with which we are concerned.
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1.2 The Electromagnetic Spectrum

Figure 1.2 is a representation of the entire electi nagnetic spec-
trum as it is now recognized. It is divided into numerous wavelength
bands as shown. The boundaries are somewhat arbitrary because over-
lapping occurs, particularlj' at shorter wavelengths, but the figure illus-
trates the variety of phenomena to which the name "electromagnetic
energy" is properly applied. The wavele: i+h and frequency scales are
loga :-ithmic. The vertical lines are divided into increments, each of
which represents a tenfold change in wavelength. The units commonly
used to designate wavelength and frequency are shown just to the left
and to the right of the vertical lines.

The narrow band just below the 1 micron (y) line represents the
visible spectrum which covers the range of sensitivity of the human
eye. Late in the last century the remainder of the vast spectrum (non-
visual) shown in figure 1.2 was discovered, resulting in a flood of new
knowledge and techniques whose usefulness is now gradually being ex-
ploited.

The portion of the spectrum discussed in this manual is that shown
above the far infrared band in figure 1.2, particularly the region above
the 1-centimeter wavelength line. This is the radio-radar spectrum
in which waves are generated by coherent electronic transmitters of
various kinds.

1.3 Wave Fronts and Rays

In dealing with the behavior of electromagnetic energy it is often
convenient to employ the concepts of wave fronts and rays. The Dutch
scientist Huyghens in 1690 stated the principle which leads to a simple
geometrical construction of the wave front, and which allows us to deal
with a wave moi,,:. a. -_ rangl t- ,ne prov'gation.

In figure 1.3 the point P represents a point source of energy froxza
which electromagnetic waves t. e proceeding through a homogeneous
medium with equal speeds in all directions. At the end of a certain
time the disturbance will have arrived at all points which lie on tht
spherical surface S1. Since the points are all equidistant from P, the.
h'nus -Y slue'i points is .. here, and this sphere represents the initial
wave front. P ccording to Huyghens' principle every point on the wave
front becomes immediately a new source .'rn which secondary waves
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WAVE LENGTH DESIGNATION FREQUENCY

VERY LOW FREQUENCY -30 KC

LOW FREQUENCY

!KM 300 KC
MEDIUM REQUENCY

I- 3 MC
HIGH FREQUENCY

30 MC
VERY HIGH FREQUENCY

IM ,-300 MC
ULTRA HIGH FREQUENCY -'3 KMC

I CM SUPER HIGH FREQUENCY 30KMC

MICROWAVES

1500 KMC
FAR INFRARED

NEAR INFRARED

A 300,000 KMC
VISIN E LIOEHT

NEAR ULTRAVIOLET

FAR ULTRAVIOLET

X- RAYS

GAMMA RAYS

K.4 COSMIC RAYS

Figure 1.2. The Electromagnetic Spectrum.
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RAYS _.

to.% ..

Initial wave front P Si S?
Anal wave front

Figure 1.3. Huyghens' Construction of the Wave Front.

or wavelets spread out in all directions. By construction then, let us
draw circles of equal radius from each point on the sarface S1 repre-
senting the wavelets. These innumerable wavelets, starting together
from all points influenced by the principal wave, overlap and interfere
with each other so that their resultant effect is produced only at the
points in the resultant surface which at any instant envelop all the secon-
darywave fronts. Thus, the new principalwave front will be S 2 , which
is the enveloping surface or envelope of the wavelets. The tangent sur-
face, construcied fr."- the wavelets according to Huyghens' principle,
thus gives the position ot the wave front a a later time. The result is
the same as if the old wave front SI had expantie, int- a new .-ave front

E2 , the disturbance progressing in straight lines in all directions.

It can be seen that in a homogeneous medium (i.e., propagation
velocity constant at all points in the medium) the enveloping surfac :
or _ front ein;natrg from a point source will be a sphere concen-
tric wih all other earlier and later wave fronts, and that straight lines
or rays, radiating out from the center, w;1l be the paths of the distur-
bance. The ra (see fig. 1.3), which is the path of the disturbance, is
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thus normal to the wave front, which is the envelope of the disturbance.

1.4 Propagation Characteristics in Free Space

It is convenient to begin our study of electromagnetic propagation
characteristics with a consideration of the behavior of electromagnetic
waves in free space, i.e., in a vacuum and without the presence of dis-
crete bodies.

1.4.1 Free Space Fields

A fundamental factor governing the behavior of electromagnetic
waves is the inverse distance spreading of energy. If a transmitting
source emits a given amount of energy per second, ft, when one is at
distnmce r from the transmitter this energy is spread out over the sur-
face of a sphere of radius r and area 4xr 2 (see fig. 1.3). Thus, the
power received A- at distance r from a point source P is

Z__r2
10 q.L (1.4)

watts per unit area. The power decreases as the square of the distance
from the source (or transmitter), and the electromagnetic field strength,
which is proportional to the square root of power, decreases as the
first power of the distance. This decrease is known as the' 'free space
attentuation" of the field, since it occurs even in a vacuum and without
the earth present. It is a direct consequence of the fundamental law of
the conservation of energy, and applies both in free space and in the
terrestrial environment,

1.4.2 Interfere,- e

Whenever two (or more) wave trains travelling over different
paths impinge (interse,-',; z .. --in ".;,ace, th phanomenon known as
interference occurs. If the two waves arrive at P.- _oijd in question
in phase they reinforce one another and produce a resultant field strength
greater than either of the two compo .ent waves taken alone. If the two
waves arrive at the point in question out of phase they partially cancel
one another and produce a weaker resultant field strength. This phe-
nomerion is fundamental to all wave moxion and occurs both in free space
and in the est"! eui,.or. :,.it. Figure 1.4 illustrates the phenom-
enon of interferenc, . for two simple sine waves of the same frequency
(or wavelength)., The figure shows the time va;. Jation of the electro-
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IN PHASE-- ER LARGEST

TIE

TIM

900 OUT OF PHASE -E SMALLER

R : _

*. ~ER

.1 V. *~ IME

1800 OU OF PHS-,SMLET

0- -

DOTTED LINES -- RESULTANT
DASHED LINES -- PATH A
SOL!D LINES-- PATH B

Figure 1.4. The Interference of Two Wave Trains.



- 10-

magnetic field strength, ER, at -xpoint in s.pace, which results from the
interference of two waves of equal frequency and with fi. 1 strengths
BA and EB . The component waves EA and EB are shown in . hase, 90"
out of phase, and 1800 out of phase,
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2. RADIO -RADAR PROPAGATION

2.1 The Radio-Radar Spectrum

That portion of the electromagnetic spectrum utilized for com-
munication extends from millimeter wavelengths to those thonsamds of
meters long. This broad zone covers a,. 'he fi-equencies of radio and
radar transmission (see fig. 2.1). i3ecause the effect of tropospheric
variables is most pronouLced on the shorter wavelengths, our primary
interest in this manual will be focused on the short-wave end of the
radio-radar spectrum from about 1 centimeter to 10 meters. At longer
wavelengths, the ionosphere becomes the controlling influence, rather
than the comparatively thin troposphere. At wavelengths shorter than
1 centimeter, on the other hand, the atmosphere becomes relatively
opaque for at least two decades of wavelength, and long distance prop-
agation is impractical.

2.2 Atmospheric Effects

When Marconi demonstrated Ln 1901 that radio signals could be
transmittedacross the Atlantic Ocean, investigations were soon initiated
to account for the presence of signals beyond the horizon. Four prin-
cipal mechanisms were proposed; diffraction, atmospheric refraction,
atmospheric scattering, and reflection from an elevated layer of ionized
gases. The reflecting layer hypothesis, proposed by Kennelly and Heavi-
side in 1902 and proven by Watson in 1919, is generally accepted as the
primary mechanism which permits extended range transmission at
wavelengths greater than about 10 meters. Although communication at
these longer wavelengths is subject to various anomalies (fading, holes,
etc.) which may become serious prloblems in practice, the principles
of ionocpheric, transmission lie outside the scope of this manual.

In the 1930's new developments in e±~ion" oscilleiors mad,
shorter wavelengths useable for practical communication. It was soon
observed that signals shorter than about 10 meters were often not re.-
ceived at ranges greatly exceeding the horizon distance. The shorter
the wavelength the more transparent the Kennelly-Heaviside layer ,-
-:-mes to incident ra&:=.tion, and the ionospheric reflection mechanism

.3.i:o rei,tivel; ummportant in explaining transmiSsion beyond the
borizon. Ouce again the attention of rf searchers was focused on the
phenomena of diffraction, refraction, ana sczttering as the mechanisms
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RADIO RADIO WAVE LENGTH FREQUENCY I -
SPECTRUM BAND DESIGNATION IN METERS IN CPS BAND NA% ARRIUM

VERY LOW 100,000 X!0 3

FREQUENCY
VLF 10,000 

3XIO4

LOW

FREQUENCY
LF

1,000 3XI0 5

MEDIUM
FREQUENCY
MF 100 3XI0 6

HIGH
o FREQUENCY

HF
10 3X10 7

VERY HIGH P BAN9
FREQUENCY
VHI- 1.0 3XlO 8

ULTRA HIGH Z BAND
FREQUENCY

UHF 0.2. I.5XiO 9

0.1 3X109 S BAND .,

SUPER HIGH (x
SFREQUENCY 0.06. 5XlO 9

SHF 5X XBAND

0.03 IXIOI0

K BAND~II

0." oi 1010

0.001 3XlO
II

Figure 2.1. The Radio-Radar Spectrum.
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which might explain extended-range, short-wave (<10 m.) communica-
tion.

With the development of radar in the 1940's (on even shorter wave-
lengths), it was found that the shorter the wavelength in use the more
frequent were occurrences of propagation well beyond the radio horizon.
Surface objects were often observed at distances many times greater
than thevisualrange, and these occurren, were found to be associated
with unusual distributions of temperature and relative humidity in the
layers near the earth's surface. This phenomenon is known as "duct-
ing" or "trapping". It is, in effect, an extreme case of superrefraction,
or atmospheric refraction greater than normal.

The phenomenon of superrefraction was observed even prior to
1940 fo=' radio propagation in the range of 1.6 to 5 meters; comprehen-
sive studies of sul errefraction have been principally stimulated, how-
ever, by the development of radar during and after World War I. The
7-meter and 1.5-meter radar sets established at coastal sites along
the Mediterranean reported superrefraction effects much more intense
than those reported on the same wavelengths around the British Isles.
The entire coast of Sicily, for example, could frequently be seen with
1,5-meter radars on Malta, and from time to time echoes from Greece
and Sardinia at ranges on the order of 650 kilometers were obtained.
Ships were sometimes plotted to a range of 300 kilometers in locations
where the geometrical horizon was less than 30 kilometers away. Per-
haps the most distant targets ever observed were seen on a 1.5-meter
radar at Bombay, India [ 131, which recei, d echoes from points in Arabia
at a distance of 2,700 kilometers. Although meteorological effects usually
act to extend surface radar coverage, it should be mentioned here that
subrefraction also does occur. On several occasions, radar equipment
on Fisher's Island, New York, was inable for many hours to pick up
Block Isiand desnitethe fact that it is only 35 kilometers away and -.risi-
ble to the naked E-ve.

In the years following World War II with the continuously increas-
ing application of airborne radar, an even more disturbing phenom-
enon has been frequently observed, the "radar hole". This effect, pro-
duced by the presence of superrefractive layers aloft, may at Tm3
drastically reduce the effectiveness of airborne search radar (see Frol-

2.3 Propagation Characteristics in the terrestrial Environment
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In order to find an explanui.on fur the anomalies described in the
foregoing paragraphs we shall consider in some detail the-- rhenomena
which control propagation in the troposphere; (1) the ab;.,rption of
radiant energy, (2) the interference of waves, resulting in regions where
two waves enhance and in adjacent regions where they cancel each other,
(3) the diffraction of waves around the earth and other objects, and (4)
the variations in propagation velocity caused ")y changes in pressure,
temperature, and humidity; which give rise to .'efractive, reflective,
and scattering effects.

2,3.1 Absorption

Whenever electromagnetic radiation propagates through a real
medium (be it solid, liquid, or gaseous), a fraction of the incident energy
is aosorbed in passing through each increment of the medium. The
energy absorbed is imparted to the atomic or molecular structure of
the medium and, in most cases, is eventually given up as heat. The
effect may be thought of as a kind of frictional loss.

Any particular substance does not absorb radiation of different
wavelengths equally, nor do different substances absorb radiation of
one particular wavelength equally -- as anyone familiar with the spec-
trograph will know. The particular absorption characteristics of a
medium (e.g., air), therefore, depend upon its composition, upon the
atomic and molecular structure of each constituent, and upon the phy-
sical characteristics of tWe incident radiation.

Fortunately, in practice the absorption mechanism does not often
produce serious performance anomalies in the operation of radio or
radar equipment. Absorption may, however, become an important de-
sign consideration in selecting the wavelength to be used in a radar
system; e.g., for air zc. rsdar one would 9void selecting a wave-
length close to one of he water vapor absorption bands, since w;.ter
vapor is present in the natural atmosphere.

2.3.2 Interference

In the radic.-radar spectrum interference produces very pro-
noui:.-: )-t,rations in signal - "rength (see fig, 1.4). These are not
onlypr.,.u ud - .y leciromhgnetic wave trains from two or more sources
(transmit'ters) arriving at a particular point in -pace (receiver), but
also by wave trains from a single source arriving at a particular point,
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having travelled over differcnt transmission paths. For example, two
different ray paths from source to receiver might be the direct, line-
of-sight ray and a reflected ray from the transmit.. antenna to the
earth's surface and thence to the receiving antenna (see fig. 2.3).

Interference betweei, signals of different wavelengths from twe or
more sources is eliminated by the "tuning section" of the receiver which
is nothing more than a sharply tuned byp. - filter. The filter rejects
all signals extept those having frequencies within a very narrow band
centered on the frequency ;o which the receiver is "tuned". Any elec-
tromagnetic wave (signal) having a frequency within the bypass band
will be "passed" on through the amplification and detection stages of
the receiver; waves having other frequencies are rejected.

Signals of the same (or nearly the same) frequency, whether from
several sources o-" from a single source, produce interference which
cannot be eliminated by a filter (tuner). The case of two or more sources
is of practical importance in connection with electronic counter meas-
ures (ECM) but will not be discussed further here. The case of inter-
ference produced by surface reflections from a single source will be
developed more fully in the following paragraphs.

A spherical earth enveloped by a homogeneous atmosphere is
shown in figure 2.2. In this figure, as in all others depicting curved
earth geometry, the height scale has been greatly exaggerated com-
pared to the horizo' . distance scale. Assume that a radio transmitter
is located at R at height H above the earth. Since the atmosphere is
homogeneous, energy will leave the antenna in straight rays. If one now
draws a straight ray from R tangent to the earth's surface, this line de-
fines the horizon distance D and the horizon height h at point P which
is at a distance d beyond the tangent p-oint. Referring to figure 2.2,

a2, D - (aI+t; (2.1)

expanding, we have

22D 2 aH+H 2 . (2.2)

Since H is much smaller than 2 a, the second order term in the above
E-t r .. y be negleceid. Therefore,

D:/2aH , (2.3)
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Figure 2.2. Ray Geometry for Spherical Ecrth--Homogeneous Atmosphere.

and similarly,

d -y4 T . (2.4)

The hor'zon line beyond the tangent point divides radio space into
two regions. The region above the line is always illuminated directly
by the transmitter and is called the interference region; the region be-
low the line is not dir-. ' i ilum...nated and I - generally called the dif-
fraction region (shaded in fig. 2.2). The illuminated region is referred
to as the interference region because the radio field strength at a given
point above the horizon line is de+'rmined by the interference between
two rays, as described in section 1.4.2. One is the direct ray from the
transmitter to the point; the other is a ray reflected from the earth's
surface to the point. Since the reflected ray path is somewhat longer,
the !,ay -, ive- at '0h1 p1o il omewhat later than the direct ray. If it
arrives half a wavelength behind (1800 out of phase) the two waves will
tend to cancel each other, and if they are of e, °sl strength the resultant
field at the point will be zero. On the other hand, if the point is higher,
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so that the reflected wave arrives a full wavelength behind the direct
wave, the two will be in phase, and the field strength will be intensified.
This alternate cancellation and enhancement in the fie... ztrength as the
path-length differences are increased, gives rise to a vertical inter-
ference pattern, consisti-ig of a series of narrow fingers or "lobes"
of strong field strength with weaker fields in between (see fig. 6.1).

In figui.e 2.3, showing a spherical e .rth surrounded by a homo-
geneous atmosphere, the path difference, 0, between the dir ect and re-
flected waves may be shown to be

Ie .d (2.5)
d

where E and fT are the heights of the transmitter at point R and of
the Larget at point P above the reflecting plane and d is the direct path
distance. The reflection plane is tangent to the earth at the point of
reflection, suchthat the angle of incidence e, equals the angle of reflec-
tion 0.

/

R Ref__*.!.. lo

FG

Figure 2.3. Path-Difference Geometry- -Spherical Earth.
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On a spherical earth, HRa.d HT a-e not the actual heights above
the surface. Referring to figure 2.3, it may be shown that

^ h (d -dl)2  (2.6)
R r 2a

and

HT t- 1d2, (2.7)
T t 2a 

where hr and ht are the heights of the transmitter and target above the
earth's surface and d1 is the distance from the reflecton point to the
proiection of the target on the reflection plane. Since the angle of in-
cidence is equal to the angle of reflection, we also have

d H(2.8)
d - d1  HR

One can eliminate H T , H and d1 from the above four expressions, and
solve for 6 in terms of hr, ht, and d. The resulting expression, how-
ever, is too complicated to warrant further discussion in this manual.
Domb and Pryce [12] have developed a convenient means of plotting
interference patterns, to which the reader is referred for practical
assistance.

The picture just described is further complicated in that the re-
flected rayundc-goes a sudden phase shift of one-half wavelength(180*)
on reflection; minimum fields, therefore, occur when the path difference
is an integral nurber of wavelengths (1, 2, 3 ... etc), and maxima are
centered at those poi!'-'i -. ng 112, 1 1/2, 2 1/2 ... etc. wavelength
path differences. Furthermore, the strength of tne reflected wave is
reduced by scattering if the reflecting surface is rough and by diver-
gence if it is smooth, so that the direct and reflected waves are not of
equal strength. These factors modify, but do not invalidate, Lhe general
characteristics of the interference pattern as described above.

tn o.-tico, intcrfer c... patterns for a given antenna are com-
puted for various angles of elevation of the antenna (tilt); these com-
puted values are checked and corrected with , Nservational data 'vhen-
ever possible. The weather officer should consult the electronics offi-
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cer for further information .,)ncering the characteristics of a particu-
lar antenna array. The phenomenon of interference is not affected per
se by changing meteorological conditions, except that, we shall see,
refractive effects may produce path length changes.

2.3.3 Diffraction

The only way in which energy can peu irate the region below the
horizon line, in a homogeneous atmosphere, is by the process of dif-
fraction (see fig. 2.2). This process results from the wave nature of
the transmitted energy and is similar to simple diffraction over a knife
edge. The mathematics of diffraction over a spherical obstacle is quite
formidable and will not be attempted here. It turns out, however, that
the depth of penetration of energy below the horizon line is proportional
to the wavelength, and, at a constant height above the surface, it falls
off exponentially with distance beyond the horizon point. Domb and
Pryce [12] have developed relatively simple methods for computing
diffraction fields, and the reader is referred to their paper for a dis-
cussion of practical computational techniques.

As was the case with interference, the mechanism of diffraction
is not primarily weather-dependent, and as such its effect upon radio-
radar performance is more properly a problem for the electronics
engineer.

2.3.4 Reflection and Refraction

We now complicate the simple case of figure 2.2 and 2.3 by sur-
rounding o,,- spherical earth with a nonhomogeneous atmosphere (such
as the earth's real atmosphere). Inhomogeneties produce changes in
the speed of propagation of electromagnetic energy through different
portions of the a U:, ;'eric envelope, giving rise to the phenomena of
reflection, refraction, and scattering.

The index of refraction, n, of a medium is defined as

cn = - (2.CV

wnu,-. [is the npr-a-' "- ve~locity of electromagnetic energy in a vac-
uum, and v is the propagation velocity in the medium in question. Th!
jnaex of refraction of a medium is therefo, ± e measure of the propaga-
tion spced (relative to the velocity of light) of an electromagnetic wave
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through the medium.

(a) Reflection and Refraction at a Discontinuity

Whenever an electromegnetic wave strikes a surface of discon-
tinuity in n (i~e., a surface across which there is an abrupt change in
propagation speed) the incident wave, in gen ral, is partially reflected
and partially refracted (see fig. 2,4). The law of refraction at a dis-
continuity may be derived from a consideration of propagation speeds
in the two media. In figure 2.4 we assume electromagnetic energy
strikes the boundary between two media with indices of refraction of

nI and n , where nI is associated with the initial medium and n 2 is
greater than nl; i.e., the propagation speed is greater in the initial than
in the final medium. In a certain length of time, t, the wave front tra-
vels from position 1-2 to position 4-3, and

$2 3 = V1 t ; SI 4 = V2 t (2.10-2.11)

where S 2 is the distance traveled and v1 is the speed of propagation
in medium 1, and S1 4 and v2 are the corresponding distance and speed
in medium 2.

Also, we have

$-3
sin 0I = COS/132 = - (2.12)Sl-3

and

$I- 4sin Sf = cos/413 =-. (2.13)

$1-3

Therefore,

sin e1 S2 _ vIt vI
8- = - (2.14)
f -1-4 v2t v2

i .- , -- we ,,,ay wz-?-i the law of refraction

sin 0i =n2 (2.15)

sin Of n1
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where 0i is the angle of incidfnce and 2f is the angle of refraction.

It may be well to note that in figure 2.4 the diro,,+ion of propaga-
tion may be reversed without invalidating the conclusio.3 just reached
so long as w-e interchange the designation of incident and refracted wave
fronts and the angles of incidence and refraction. The incident and re-
fracted rays lie in the same plane, and the incident rays are always
bent toward the medium of higher index c- -efraction (i.e., lower pro-
pagation speed) in passing through a surface of discontinuity.

With the aid of Huyghens' principle one may derive the law of re-
flection which states that the incident and reflected rays lie in the same
plane and the angle of incidence is equal to the angle of reflection; i.e.,
ei = er in figure 2.4. It will be noted that the incident wave front is
inverted by reflection (the incident wave is shifted in phase 180), as
has been mentioned previously; in refraction there is no corresponding
phase shift.

Whenever energy is passing through a discontinuity between a

INCIDENT "I1l
WAVE FRONT : REFLECTED

WAVE FRONT

2

SI SRFACE OF
/ .. DISCONTINUITY

~ef O- if

/
/

REFRACTED
WAVE FRONT

Figure 2.4. Refraction and Reflection at a Surface of Discontinuity.
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medium of higher index of refraction to a medium of lower, the phe-
nomenon of total reflection wiil occur when the angle of incidence ex-
ceeds a certain critical value given by

i -1 n!. (2.16)
n2

where n2 > n1 (see fig. 2.4). At angles of in -- nce greater than this
critical value the refracted ray is suppressed (does not emerge above
the surface of the discontinuity) and the incident ray is totally reflected.

The relative amounts of energy carried in the reflected and in the
refracted waves are dependent upon the transmission characteristics
of the two media on either side of the discontinuity, upon the physical
characteristics of the surface of discontinuity, uron the angle of inci-
dence of the initial wave train, and upon the wavelength of the incident
wave. For example, a sheet of ordinary screen wire is a good reflector
of 10-centimeter radar waves but a poor reflector of electromagnet,.c
energy in the visual spectrum; whereas, a silvered mirror is a good
reflector of visible radiation but a poor reflector of gamma rays.

(b) Refraction in an Environment of Continuously Varying Inde
of Refraction

If an electromagnetic wave traverses a region in which the prop-
agation velocity (and therefore also the index of refraction) varies from
point to point but in a continuous fashion; i.e., no discontinuities in n
present, there will be no reflection phenomena, but refraction of the
wave will occur.

In figure 2.5 the dashed vertical line at the left represents a wave
front at time t = 0. The wave is traveling horizontally toward the right.
Assume that the refraci-.: * '!'x is at the 'c. tom of the wave front
and is no - An at the top. As the wave proceeds aP,-:z;, the +np part .,ill
travel faster than the bottom part, because the refractive index at the
top is less than at the bottom. Afte- time At, the top end of the wave
will have traveled

cAt
d~ +M~~ ,A c! (2.17)
weecsteppttopin o not- An btewi

where c is the propagation velocity in vacuum. The bottom end will
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I4 -do, - d
An"o-An

I !l

A II If
! Ah i

noetavle
d o = b t At = -o (2.18)

and, thus

Ad=cAt( 1)A (2.19)(no - An -n o  no - An "(.9

Since (no - An) is very close to unity we may disregard it and write

Ad= do An . (2.20)

Since the tWp of the wave has travelled Ad farther than the bottom, the
wave front is now tipped downward by an angle a = Ad/ Ah, where Ah
is the distance increment between the top and bottom of the wave front.
Substituting Ad = '. , • ,. o...,s the cxc-ession

An
do "An (2.21)

for the angle through which the ray is bent.

But is simply the curvature, C, of the ray and since the bend-
i. , . oroo;;itonai io . the ray path is an arc of a circle of

radius R =.dQ, , so long as the n-gradient, -- , remains constant. Thus,
one can say th .t,
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I An
R - (2.2 2)R &h

This is a very important expression in radio wave /,efraction;
the curvature of a ray is equal to the gradient of the refractive index
normal to the ray path. Statec. anocher way, the angle through which a
ray will be bent in passing through a refractive index gradient is equal
numerically to the gradient normal to the path, mes the distance tra-
velled.

In the natural atmosphere the index of refraction becomes smaller
as one proceeds to higher and higher altitudes, but abrupt changes (dis-
continuities) in n are not commonly observed. For this reason refrac-
tive effects in the earth's atmosphere are generally more important in
the study of anomalous radio-radar performance than are reflective
effects. As has already been implied, however, the surface of the earth
acts as a good reflector of electromagnetic waves in the radio-radar
spectrum.

(c) Snell's Law

One is frequently interested in tracing the trajectory of a ray as
it travels through a medium such as the atmosphere in which the re-
fractive index changes with height. Theory indicates that the ray will
follow a trajectory having the shortest optical path. This principle is
expressed in a simple mathematical form known as Snell's Law. It was
originally applied to ray tracing through lenses and prisms, but applies
equally well in the radio-radar case. If one assumes that the refrac-
tive index in the atmosphere changes only with height above the spher-
ical earth, and iLot with horizontal distance, then Snell's Law may be
expressed as

S -- ) c n a cos.' ,,(2.23)

where n is the refractive index at a given height h, ns is the refractive
index at the earth's surface, a is th,; earth's radius, 9 is the ray incli-
nation angle at height h, and a o is the ray inclination at the earth's
surface. Figure 2.6 shows a typical ray leaving the earth at an angle
ar and passing upwards throrugh the atmosphere. By the time it has
arriv.1 a, >i.,±' h, it ba; b'scn ,oent downward by a total angle T, which
can be calculated -f one knows the way in which n changes with height.
This figure will be referred to later when the method for computing
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Figure 2.6. The Geometry of Ray Bending.

total bending, r, and the associated radar elevation angle error, 6, is
developed.

2.3.5 Scattering

The preser! ;e ,' thbermodynamically dissimilar parcels of air in
the atmosphere is responsible for a propagadon mcchqnism which has
not been considered previously and which is known as "scattering"
It has been found experimentally that when one proceeds away from a
transmitter with a receiver near the surface, the fields beyond the hor-
izon decrease exponentially at a rate which agrees with diffractior
theory for quite some distance (see fig. 7.1). As one proceeds furthwr

,w,: ..'. o-n the t ',s. t.- r, however, the attenuation rate suddenly de-
,:rease: t,he fields decrease with distance at a much slower rate). In
other words, beyond . certain critical di tance, the receive. fields are
much stronger than can be accounted for by diffraction theory. The
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mechanism by whicb these filds are produced is called scattering.
Each parcel above the horizon, which is illuminated by the transmitter,
scatters a small part of the incident energy in directio, other than
along the straight line path from the transmitter through the parcel.
Most of thn r.n.ergy. oEf course, continues straight through. If a particu-
lar parcel is above the horizon for both the transmitter and the re-
ceiver, part of the scattered energy will be lirected toward the re-
ceiver. The scattered field at any point may Le regarded as the sum
of the energies scattered by a multitude of such parcels aid directed
toward the point in question. rheories have been developed !or com-
puting the fields to be expected by such a mechanism; by postulating
reasonable An values and a spectrum of parcel sizes, one can compute
fields which agree well with those observed. One of the current prob-
lems in tropospheric propagation research, centers around proving or
disproving this theory of scattering. Refractometer data show that at
the heights required for the parcels to be visible from both terminals
over long paths, the actual n fluctuations are smaller than those re-
quired by the theory to explain the observed fields. This has led to the
postulation of a multiscattering mechanism, in which the energy is scat-
tered from parcel to parcel several times before reaching the receiver.
In such a model, the only parcel-height requirement is that a particular
parcel be in the line of sight of the previous and the succeeding parcel,
and not necessarily be in the line of sight of both terminals. This per-
mits the scattering to occur lower in the atmosphere where the An val-
ues are much greater. The only difficulty with this proposal is that
an analytical treatment of multiscattering becomes very complex and
has in fact not yet been worked out. A further complication occurs when
one considers that, because of atmospheric stability, the parcels are
probably flattened like pancakes, rather than being globular. A great
deal of experimental evidence exists, however, which seems to support
the multiscattering hypothesis with flattened parcels.

In any caso scatter fields do exist; they are stronger at iiight than
in midafternoon, and are stronger in summer than in winter. Even at
their weakest, they are much strongsr than diffraction fields over paths
greater than a few hundred milp. ': length.

2.4 Summary

.n this chapter we have described briefly some of the operational
anomalies actually observed in the performant- of radio-radar equip-
ment and have discussed the physicri I henomena which are important
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M roducing the anomalous performance observed. Of these phenomena,
absorption, interference, %id diffraction are not significantly affected
by varying atmospheric parameters and do not, therefore, produce crit-
ical weather problems in the field.

On the other hand, refraction, reflection, and scattering are most
commonly (except inthe case of reflection) produced by inhomogeneities
in the atmosphere which in turn are attr' ,utable to variations in mete-
orological parameters. Of these, by far thk most important in explain-
ing or predicting the anomalous performance of naval radio- radar equip-
ment is refraction. It is for this reason that the remaining three parts
of this manual are devoted principally to a detailed discussion of atmos-
pheric refraction.



PART II

THEORY OF ATMOSPHERIC REFRACTION
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3. THE ATMOSPHERIC REFRACTIVE INDEX

3.1 Definition

It was mentioned previously that the propagation velocity of all
electromagetic energy in a vacuum is a onstant (c = 3.0 x 108 cm.!

sec.). In atmospheric gases this velocity is i educed slightly. The ratio
of the velocity of propagation of electromagnetic energy in a vacuum
to that in a particular medium, is defined as the refractive index of the
medium as was described in section 2.3.4. This quantity, designated
as n, generally varies with wavelength and, of course, from medium to
medium. In tropospheric air (within the wavelength band from 1 cm.
to 10 m.) the refractive index is, for all practical purposes, independent
of wavelength and has a value slightly greater than unity. At sea level,
values range from approximately 1.000250 to 1.000450, with values near
1.000350 frequently found over an ocean surface.

To facilitate numerical computation it is more convenient to de-
fine a derived index, called the "refractivity", as follows

N = (n - 1) x 106 . (3.1)

The atmospheric refractivity ranges from 250 to 450 N-units at sea
level. It is also possible to express N as a function of total atmospheric
pressure, temperature, and water vapor pressure, as follows

N= A P Be),(3.2)

where P and e are in millibars and T is in degrees absolute. The con-
stants, A and B, ± 'q Ier. determined e- uerimentally by a number of
investigators; A is the dielectric constant for dry air and B is the water

vapor dipole moment constant. Smith and Weintraub [221 have evaluatei"
the results obtained by numeros investigators and have recommended

the value of 77.6 for A and the value of 4,810 for B. Equation 3.2 is

frequently written in the following form:

wNd te;s ! + 3 c73 x 1dry"2n (3.3)

where the first and second terms are called the "dry" and the "wet"
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terms, respectively. Since both P and e normally decrease with height
above sea level, N also decreases with height. The exact way in which
N varies with height is of course determined by meteor-Ingical pro-
cesses and has a profound effect upon radio-radar propagation.

In the event that available moisture data are expressed as rela-
tive humidities, equation 3.3 may be written a- follows:

N = 77.6 (). 3.73 x 105 ( e R (3.4)

where es is the saturation vapor pressure in millibars and RH is the
relative humidity in percent.

It may be well to point out that both n and N are space and time
functions which in general vary from place to place in the atmosphere
and which in general vary with time at a particular point. The pre-
ceding formulae permit one to determine the refractivity for one par-
ticular place and time; namely, the place and time represented by the
values of pressure, temperature, and humidity used. In general the path
which a radio-radar ray will follow is primarily determined by the gra-
dient of N rather than by N itself as was discussed in section 2.3.4(b).
N-gradients may be determined from a series of discrete values of N
in the region of interest, or the gradients rnay be determined by direct
measurement with suitable equipment.

3.2 Methods of Measurement and Computation

Direct measurements of the propagation velocity of electromag-
netic energy in a particular medium can be made and, when compared
with the speed of light, give a direct measure of the refractive index
or refractivity. Beca:uce 'nf the complexity of the equipment needed,
this approach is impractical for operational use.

3.2.1 Refractometer

A more practical way to measure the atmospheric refractive index
was developed in the 1940's by Birnbaum [7] at the National Bureau of
Stanl,:,j ' - -nd, somrewhat I,; -r, in a slightly different form by Crain
and i eai) j'2] d.t the Umversity of Texas. The refractometer, as the
instrument is cahed, essentially measures changes in the dielectric
constant of the air inside a perforated cylindrical cavity. This is done
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by feeding electromagnetic erergy of about a 3-centimeter wavelength
into a cavity which has been machined to resonate over a very narrow
band of wavelengths. Changes in the dielectric constant of the air in-
side the cavity cause the resonant frequency of the . i y to change
proportionally. By using two cavities (one being hermetically sealed
and containing either dry a.r or vacuum and the other being perforated
to allow passage of outside air) one can detect very small changes in
the resonant frequency of the perforated -rity. Since the refractive
iudex in this case is simply the square root of the dielectric constant,
these changes can be recor, led as changes in N. The sensing lag of the
device is limited only by the time needed to introduce new air into the
cavity. Since the volume of air contained in the cavity is very small,
the speed of response maybe reduced to a fraction of a second by care-
ful design of the ventilating ducts or ports.

In spite of v rious simplifications which have been made in re-
cent years, the refractometer is a relatively complex and heavy instru-
ment, which is not yet suitable for expendable balloon borne operations.
Its main use has been aboard aircraft, and many hundreds of vertical
and horizontal profiles of refractive index have been recorded, particu-
larly in the continental United States and Alaska. Very recently, re-
fractometers have been installed in AEW-type aircraft and in certain
carrier-based types. In the future refractometer data may be expected
to become available to most large operational forces. It should always
be used in preference to derived N-data, whenever there is a choice,
because of its greater precision and because it reproduces the "fine"
structure of atmospheric refractivity.

3.2.2 Temperature, Pressure, and Humidity Method

Since N is a function of P, T, and e, it follows that whenever
measurements of these quantities are available they also serve to de-
fine N. At the si,!a, thi- cc.,,w.-tionai L. rometer, thermometer, and
hygrometer may be used to determine N; alet h1h_ rqdioson(! provides
the necessary measurements. From values of P, T, and e, N may L
computed using equations 3.3 or 3.4. The particular features of the
radiosonde which make it useful for propagation purposes are that it
measures the required quantities as functions of height, and that recox 7
drAta are available which have been obtained over periods of many years

d t7:.-ni hundreds -,If t.ons having a wide geographic distribution,

All meteorologists recognize that tic radiosonde has certain de-
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ficiencies which make it somewhat less than ideal, particularly in the
measurement of humidity. The high lag coefficient of the humidity
sensing element; particularly at low temperatures, causes the resulting
N (namely, the height profile) to deviate from its true shap, The effect
of these deviations on radio propagation perhaps is not as serious as
it may be for other purposes. The reason for this is that, as will be
shown later, anomalous propagation effects are principally conditioned
by the gross features of the N-profile; the fin( structure is not of first
order importance. Thlis does not mean that for propagation work, im-
provements in the radiosonde are unnecessary; rather, they are- greatly
desired (see section 3.3.3). It does mean, however, that record radio-
sonde data can be used to good advantage in spite of its shortcomings.

Comparisons between N-values obtained from refractometer
measurements and those computed from radiosonde data are in good
agreement as to the gross structure present, but of course the fine de-
tails are largely missed in the computed radiosonde values. Figure
3.1 is an example of such a comparison. Where appreciable deviations

2000 FEET
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4in
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r',UN'Z " I I I -
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Figure 3.1. Comparison of Rfa.,iosonde and Refractometer N-Profiles.
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occur, it has been found that thes. --ere caused by pronounced humidity
fluctuations, as would be expected.

In propagation problems, one is continually faced -w th the problem
of reducing P-, T-, and e- data to N-values at numerous heights. Over
the years, various methods have been devised for computing N. These
take the form of tables, slide rules, an,'logue computers, and nonmo-
grams.

(a) Refractive Index Nomogram

Perhaps the most convenient of these, for use when great pre-
cisionis not required, is the romogram shown in figure 3.2. Pressure,
temperature, and humidity are shown in the units commonly used in
radiosonde data tabulations; i.e., pressure in millibars, temperature
in 0C., and dew point in 0C. It is particularly convenient in that the fig -

ure and a straight edge are all that is required. Assuming no error in
entry data, the accuracy of the N-values so derived is ± 1 N-unit, which
is compatible with the accuracy of radiosonde data. In addition to fig-
ure 3.2, a larger, full-size version of the refractive index nomogram
is provided as a loose-leaf inclusion to this manual and is marked as
chart I.

The required simple instructions for use of the nomogram appear
thereon. For example, suppose the value of pressure is 1,000 milli-
bars, the temperature is 20C., and the dew point is 40C. First, find
the intersection of the 1,000 millibar pressure line with the 20 0C. tem-
perature line. Then connect this point with the 40C. division on the dew-
point scaln and read off an N-value of 300 whcre the straight edge inter-
sects the refractive index (refractivity) scale.

(b) Refra"i-.. Tu.dex Diagram

Another method for determining refractivity irom prebsure, tern
perature, and humidity data is illustrated in figure 3.3. This diagram
has been designed for use in aircraft, in that the arguaments used are
pressure altitude in feet, dry bulb temperature in 0., and wet bulb tern-.
perature in 00. Values of N may be read directly from the diagr'in
,',... ,re-ion -f. ± .nit, assuming the entry data is without error.
In addition to figure 3.3, a larger, full-size version of the refractive
index diagram is provided as a loose-le. f inclusion to this manual and
is marked as chart I.
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REFRACTIVE INDEX DIAG'RAM
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Use of the diagram is explained by the inset in the upper right-
hand corner of figure 3.3 and -r, the s;.riple instructions which appea:r
on the back of chart II. For example, suppose the pressure altitude is
13,000 feet, the dry bulb temperature is 100C. and the*', ' bulb tem-.
perature is-2 0C. First locate the 100C. and -2°C. points along the hori-.
zontal 13,000 foot pressure altitude line. Then follow the straight.
sloping dry bulb temperatire curve up and to the left from the 100C.
point and the curved, concave-downward wet ',ulb temperature curve
up and to the left from the -2°C. point, until iu.ese two temperature
curves intersect, At the point of intersection read off an N-value of
175 from the curved, convex-do vnward refractivity curves.

(c) Refractive Index Overlay (Arowagram)

Whenever pressure, temperature, and moisture data are already
displayed in the form of a plotted sounding on the Arowagram (the ther-
modynamic chart in common use in the U. S. Navy), it is most convenient
to obtain N-values for various levels of the sounding by using the re-
fractive index overlay (see fig. 3.4). This overlay has been especially
prepared for use with the large. size Arowagram; it cannot be used with
other forms of thermodynamic charts.

Use of the overlay is explained in the following instructions and
recommended computational procedures:

1. Plot temperature (T) and dew point (Td) on Arowagram
and place overlay in register.

a, Carefully place a dot on the overlay in register
with each plotted point (T, Td) with a grease pen-
cil. Connect each pair of temperature-dew-point
dots at the same pressure level with a line so as
to identfy ,ns of values.

b. If the a.w-point data is missing extend . nc _ t' +he
left of the plotted T-value for about 1000.

c. If "motorboating" is reported for the dew point;
determine the saturation mixing ratio at tempera-
ture T and multiplyby 15 percent to obtain a "mo-
torboating" mi.,' ratio., Plot the dew point for
h motorboating mixing ratio at the same pres-

sure level. Connect the points with; line as before.
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2. Remove overlay and place on a white surface. Deter-
mine N by following the projection scheme given in the
inset at the upper right-hand corner of figure ; 4, mark-
ing each point with a grease pencil of a differt.. color
than the one used for the T- and Td-dOts. Connect each
dot as it is determined to the previous dot with a straight
line. This is to avoid inverting the sequence of the dots.

3. Read the value of N from the curves and place this value
alongside each dot as it is read. Interpolate to the near-
est unit value of N.

4. Relabel the temperature lines in the lower left-hand cor-
nerof theArowagram as follows: -80°C. as 100; -60°C.
as 200; -40°C. as 300; -20°C. as 400, and plot the N-
values as determined in (3) above at the correct pres-
sure level on the Arowagram. Connect these points with
straight line segments. This is the N-profile as a func-
tion of pressure. This plot may be directly (and easily)
compared with the temperature and dew-point curves
which are already plotted further to the right. The N-
profile may thus be related to the existing synoptic sit-
uation.

The refractive index overlay was completed prior to the survey
of the constants A and B, which was mentioned in section 3.1, and the
values A = 74.4 and B = 4,973 were used in its construction rather than
the currently accepted correct values (77.6 and 4,810). As a result N-
values as determined from figure 3.4 are consistantly too low (5 to 15
N-units) and should not be used toge-ther with N-values determined by
any other means in computing N-gradients in a layer. So long as both
N-values (top and bcttoT of the layer) are determined from figure 3.4,
the error introduced -n the computed va ue of the ,q-gradient is entirely
negligible. As will be seen in later paragraphs, it is me N-gradient
(not the discrete values of N) which affects the performance of radio-
radar equipment. For this reason the refractive index oveelay may be
used for most practical computations in spite of the inherent errors
contained in individual N-values as determined from it.

T., ac iton to figu-re 3.4, a larger, full-size overlay (for use with
the large Arowaram) has been printed on ',ansparent paper and is
provided as a loose-leaf inclusion to this manual (chart III). Although
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chart III can be used directly in its present form, it is suggested that
working copies be made on transparent plastic stock using the Ozalid
(or other) duplicaing process. Routine use of cha m M in its present
form will soon result in its destruction.

3.2.3 Radar Method

Since variations in the vertical, refractive index structure in the
troposphere are the prin~ipal cause of anomalous radar propagation
one can use the measured characteristics of radar field strength versus
height and range to deduce anI 'effective" refractive index profile. The
details of an operational method for doing this are described in section
6.4. There are certain advantages and some disadvantages to using
this approach. The principal advantage is that the profile deduced is an
effective profile -veraged over many miles, rather than one represen-
tative of a single set of points as a radiosonde ascent would be. Fur-
thermore, one would expect such a profile to have a better correlation
with propagation effects, since it was derived from actual propagation
measurements. The disadvantages of this approach are that it requires
radar equipment and aircraft for making the measurements, and that
one can deduce only certin gross features of the refractive index pro-
file, rather than its detailed structure. There are operational situations,
however, when current radiosonde data are not available, in which the
radar method can be very useful.

3.3 Refractivity Gradients

Most tropospheric propagation anomalies are caused by the bend-
ing (refraction) of radio-radar waves and such bending is in turn caused
by gradients in the refractive index, rather than by the absolute value
of N itself. In fact, in an atmosphere of constant N no refraction occurs
irrespective of .. ,z of , Since grtdients in pressure, tempera-
ture, and humidity exist in the atmosphere, ,-tfractivit3 gradients must
also occur.

By far the strongest and most persistent gradients in refractivity
are observed in the vertical plane. The largest and most persisl -nt
contribution to the decrease in refractivity with height is the pressure
grz,*4 ent wrich rnc:h. to about 35 millibars in the first 1,000 feet
above sea level. For a similar pressure change to take place in the
horizontal plane, even in association w. :h a deep low pressure center,
would reqaire a distance of many hundred'; of miles. Similarly, vertical
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gradients of temperature and huidity are usually much stronger than
those in the horizontal plane. For these reasons, in the study of prop-
agation anomalies we are primarily concerned with graC'-nts in the
vertical plane. As will be apparent to the meteorological offiLir, these
vertical gradients are strongly affected by meteorological processes
such as advection, subsidence, turbulence, radiation, and evaporation.

3.3.1 Standard Refractivity Profile

If one averages out in time the local variations in refractivity at
various heights, there results what is defined as the " standard refrac-
tivity profile", such as that shown in figure 3.5. In the troposphere,
the vertical decrease in N is exponential, reaching a certain constant
value of N at the tropopause, regardless of the surface value. In the
stratosphere a single exuonential curve is sufficient to describe the
average profile. The mathematical form of each of the two segments
of this profile may be written as

-ch
N11 = Ns exp. , (3.5)

where Hh is the refractivity at height h, Ns is the refractivity at the
earth's surface, h is height in thousands of feet, and c is a constant
which depends upon Ns. If one assumes a constant value of N at the
tropopause of 61.0 units at a height of 42,500 feet, the constant c, in
the troposphere, may be expressed as the following function of NS,

In N s

c In Ns 0.0968 . (3.6)42.5

Values of c corr- sponding to several values of Ns are given in table 3.1.
TABLE 3.1

N-Units Per Thousand reet

465 0.0478
400 0.0442
350 0.0411
318 0.0388

0.0375
273 0.0351
250 0.0331

Values of the Exponential Coefficient (c) fur Various Value-- of Surface Refractivity (N.).
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The stratospheric segment of thc standsrd refractivity profile may be
expressed as

Nh = 465 exp.- 00478 h (3.7)

where h is the height in thousands of feet.

This two-segment form of the standard re, activity profile was
derived from data presented by Schulkin [20] and has been found to fit
observations quite adequately. It .,hould perhaps be noted that the stan-
dard refractivity profile here defined is not necessarily identical with
either the U. S, or the ICAO Standard Atmospheres, By selecting N.,
equal to the value computed from the U. S. Standard Atmosphere sur-
face values (U. S. Standard Dry, N. = 273 and U. S. Standard 60% RH,
Ns = 318), an N-profile is obtained which agrees, in the troposphere,
with that obtained by calculating N-values from U. S. Standard Atmos-
phere pressure, temperature, and humidity data (using equation 3.3 or
3.4).

One may construct the standard refractivity profile described
above, using semilogarithmic plotting paper as follows:

1. Lay out height on the linear scale and refractivity on the
logarithmic scale.

2. Plot the tropopause point at N = 61.0, h = 42,500 feet.

3. Plot a point at N = 465, h - 0 feet.

4. Lay a straight edge on these two points and draw in the
stratospheric segment above h = 42,500 feet.

5. Plot a point at the desired Ns at h = 0 feet.

6. Lay a straight edge on this ooint and the tropopause point
and draw in the desired tropospheric segment below h =

42,500 feet.

I stLouY., "-: r-thlzed th!i the .r "cture depicted in figure 3.5 is a long-
term a ,rage, azid that significant departures, particularly at low alti-
tudes, are to be expected. Furthermore the he',rht of the tropopause
varies seasonally and with latitude, but these departures will not cause
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serious deviations from t ,_ N-proile as described above. The behavior
of radio propagation in a standard atmosphere will be discussed in de-
tail in the next chapter.

The gradient of refractivity, N, in a standard atmosphere, may be
obtained from the general equation of the standard refractivity profile
by differentiation (of equation 3.5) with r !spect to h as follows:

dN d-ci
-- d (Ns exp.-%

or (3.8)

dN -ch
dh Ns exp.

where dN is given in N-units per thousand feet, N is the surface re-

fractivity, c is the coefficient given in table 3.1, and h is the height ex-
pressed in thousands of feet.

We see that the N-gradient is negative in the standard atmosphere;
i.e., the value of N decreases with height, and that the magnitude of the

gradient also decreases with height. Values of N-gradient for several
altitudes in the standard troposphere are given in table 3.2; surface
values for pressure and temperature were taken from U. S. Standard
Atmosphere with 60 percent RH; i.e., N. = 318. It will be noted that
the N-gradient in the standard atmosphere falls from an average value
of about minus 12 units per thousand feet in the lowest layers to an
average value of about minus 6 units per thousand feet in the midtropo-
sphere.

TABLE 3.2

dJN

Feet N-Units Thousand Feet

Surface -12.3
1,000 -11.9

10,000 - 8.4
20,000 - 5.6
30,000 - 3.8

Values of N-Gradient in the Standard Atmosphere (Ns  318) for Several Altifudes in
the Troposphere.
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3.3.2 Actual Atmosphere

in order to evaluate N-gradients in the actual a: -'sphere it is
recommended that a plot of N versus height be constructed. The height
scale may be constructed in erms of geometric height, pressure alti-
tude, pressure, etc., depending upon the application intended. For most
purposes a simple linear plot of N versus ge -etric height or pressure
altitude will suffice. It is recommended the ordinary l0xlO per inch
graph paper be ruled off with height (2,000 feet to the inch) as the ordi-
nate and with refractivity (50 N-units to the inch) as the abscissa. Such
an N-profile is shown diagramatically in figure 3.6. In order to rapidly
evaluate the N-gradient in the various layers cf the profile an N-gra-
dient overlay has been prepared and is shown in figure 3.7. This over-
lay has been designed for use with N-profiles constructed as shown in
figure 3.6; it may be 1 ed on any N-profile chart having linear h- and
N- scales with a ratio "" equal to 40. In addition to figure 3.7, an over-
lay has been printed on transparent paper and is provided as a loose-
leaf inclusion to this manual (chart IV). As in the case of chart III it

is suggested that working copies be made on transparent plastic stock.

The overlay is used by matching one of the sloping lines on the
overlay with the slope of a section of the plotted N-profile (the N- and
h-reference lines on the overlay must be parallel with the vertical and
horizcntal lines on the graph paper). 'i he value of the selected sloping
line is the estimated N-gradient for the section of the profile concerned.
This process can be repeated until the gradients of all layers are de-
termined.

In orde. to classify the refractive properties of layers conven-
iently, four zones are defined as follows:

Subrefr.--:2 *AN > O- '" increa.tos with height. Rays

curve upward with reference to a st;aic-ht Line (opposite
in sense to the curvature of the earth's surface). Radio-
radar ranges are signi4*cantly reduced; occurrence quite
rare.
.Normal ( > AN 24

2. Nrma l , >- -- ); N decreases with height.

R y' curve dov. ,,ard (in the same sense as the curva-
ture of the earth's surface) but not as sharply as in zone
(3). Radio-radar performance is j.,onerally undisturbed.
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24 > AN > 48
3. Superrefractive - 1,000 " > 666); N decreases

with height. Rays curve downward (in same sense as the
curvature of the earth's surface) more shar- 1 v than zone
(2) but not as much as the curvature of the eaih's sur-
face. Radio-radar ranges are significantly extended;
occurrence quite frequent.

4. Trapping(- ",48 >AN); N decrehses with height. Rays
curve downward more sharply than, and in the same
sense as, the curvature of the earth's surface. Radio-
radar performance is greatly diisturbed; ranges extended
greatly, appearance of radar holes, etc.; occurrence not
frequent.

In practice construct the N-profile from refractometer values or
from radiosonde data and, using the overlay (fig. 3.7), evaluate the N-
gradient in each layer. Label each layer with the gradient value and
designate the type of refractive zone by color shading in accordance
with the color code given on the overlay (see fig. 3.6 as an example).
All superrefractive and trapping layers may then easily be identified
from an inspection of the completed N-profile. Each of these layers
should be examined for possible influences on the particular radio- radar
system in operation, using the methods described in part III of this
manual. For computational purposes use the actual N-values obtained
for the base and top of each layer, not the N-gradient as read from the
overlay (fig. 3.7).

3.3.3 Limitations in Usizig Radiosonde Data

In using radiosonde data, as distinguished from refractometer
data, the meteorological officer must keep certain shortcomings of the
system in mind. +e, c .ly, t4e are:

1. The large lag (long response time) of the humidity ele-
ment which has a te-dency to reduce the values of all
recorded gradients, to increase the apparent thickness
of all superrefractive and trapping layers, and to raise
the apparent height of the top and bottom of all layers.
7.1i lag ime :. princIpally a function of temperature;

decreasing with increasing temperature.

2. The sequential method of tranrmitting temperature,
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humidity, and referenwes which make it entirely possi-
ble to miss a superrefractive or trapping layer of any-
thing less than about 300 feet in thickness. The response
of the temperature element, while the humidity - -ment
is "off the air", can at best only given an indirect clue
as to the presence oi a rdfractive layer, since N varies
only slowly with temperature.

3. The poor low-temperature response of the humidity ele-
ment. At temperatures below -40*C. the response of
this element virtually ceases which, along with the se-
quential system, makes evaluation of refractive layers
in the middle and upper troposphere nearly impossible
with the present instrument.

4. In cases whey a N-profiles are plotted from coded radio-
sonde reports, even when both standard and significant
levels are available, errors may be introduced due to
the application of the Circular "P" instructions. The
criteria defining a significant level from the humidity
trace operate in such a manner as to often mask out the
all-important, rapid decreases in humidity. When local
soundings are being evaluated, this deficiency may be
overcome by instructing all raob observers to be alert
for such transients and to evaluate humidity significant
levels critically.

3.3.4 Radiosonde N-Gradient Overlay (Arowagram)

In order to minimize the effects of lag in the computation of N-
gradients, an overlay for use with the Arcwagram (fig. 3.8) has been
prepared by Comdr. 7. C. Clarke, USNR, and associates at U. S. Fleet
Weather Facility, Arge.itia, Newfcundland [241. lhis overlay has been
designed so as to permit the analysis of N-profiles plotted on the large-
size Arowagram as described in section 3.2.2(c).

The principal parameter in radio-radar meteorology which dc-
termines ray geometry (as has been shown) is the gradient dN/dh or
AN/.b where h is the true o - ,eometric height increment. The eval-
uation --f '/. from N-,ronies plotted as shown in section 3.2.2(c);
i.e., ref-activity v rsus pressure; requires re"arence to a pressire-
height curve for the particular sounding in question. It has been shown
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[24] that within the range of current radiosonde inaccuracies, the gra-
dient AN/Ah may be replaced by AN/AZp (Zp = pressure altitude) with
sufficient accuracy for computational purposes.

We have by definition

Ah A= p + AD , (3.9)

then

AN AN( 1 AN \
AD AZ I+S (3.10)Smp + +AZp p

where D is the altimete'- correction and S is the specific temperature
anomaly after Bellamy [5]. Possible values of S range from about plus
100 feet per 1,000 feet to minus 150 feet per 1,000 feet, with plus or
minus 50 feet per 1,000 feet being probable extremes in the lower tro-
posphere. Hence, the approximation Ah equals--may be accepted
without introducing errors greater than about 5 perent.

If the radiosonde actually reported true values of temperature
and humidity as functions of pressure, the identification of trapping lay-
ers would require simply the construction of an overlay with isolines
drawn for a gradient of minus 48 N-units per 1,000 feet (Zp) at suitable
intervals; AN/AZp equal to minus 48 N-units per 1,000 feet being the
critical gradient for trapping to occur. A visual comparison between
the slope of these isolines and the slope of various sections of the N-
profile as plotted in section 3.2.2(c) would delineate trapping layers,
Because of the effects of radiosonde humidity-and-temperature-element
lag, as described in section 3.3.3, many real trapping layers are not
detected by this meth.

A7_

Consider a radiosonde ascending at a fixed rate = R (a con-
stant), then

AN AN/At (,I ) (3.11)

AZ, AZp/At R At

which shows that 'he gradient of N is a direct function of AN/At. From
equation 3.2 we have
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N = A()+ AB( e

and by differentiation with respect to time

dN A dP\ AP 2ABe\ 'T' AB ( de(dt -7_ _ T 2-] +--3 (f T 2 \ dt / " (.2

Clarke [ 24] has shown that for a typir-al ascensional rate (R = 300
m./min. = 16.4 ft./sec.) the contribution of the first term on the right-
hand side of equation 3.12 ranges from about minus 0.16 N-units per
second at the surface to miinus 0.10 N-units per second at 500 millibars.
Similarly, the contribution of the second term in equation 3.12 is less
than one N-unit per second in magnitude, while under typical tropo-
spheric conditions the third term may have values as large as minus

10 N-units per second. Thus, the contribution of the first and second

terms may be neglected in comparison with the third, and we have

AN - T E (3.13)

Since most real trapping layers are quite shallow (200 to 400 ft.) we
may assume that no significant temperature changes will occur within

the layer. Therefore, from equation 3.11 we have

AN _ Ae\.,:e C ( (3.14)
AZ~ AZ p
AB

where the "constant" C = T . Thus, we have shown that the rate of
change of N is principally a ?unction of the rate of change of the vapor
pressure.

The humr;;y -'-Trent in the present radiosonde is a relatively
inaccurate and slow-responding sensor. Its lag in a changing environ-
ment is a function of the temperature, the vapor pressure, and the -.-
rection of change of the relative humidity. Of these factors, tempera-
ture is the most important, and it may be taken as the only factor in-
fluencing the humidity sensor's lag, without introducing appreciati
error.

Using the approximations described in the preceeding paragraph
and using an error function of the form



- 54 -

IAN) I - ~t/p,(3.15)

where c is the error in N introduced by lag and I is the 1 c coefficient
in seconds, Clarke [24J has derived an expression for the ,.pp.-irent N-
gradient in a layer (as measu -ed by the radiosonde) required for trap-
ping. This expression is

AZPtrappin AZp trappingi At \

"1 apparent actual

or

S- 48 R (1- e R) (3.16)
AZ P trapping

apparent

where R is the ascentional rate in feet per second, A h is the layer thick-
ness in feet, and I is the humidity sensor lag coefficient in seconds.

In order to compute the apparent critical N-gradient from equa-
tion 3.16, j must be specified and this requires a knowledge of the tem.-
perature structure. The ICAO Standard Atmosphere (S = 0) can be used
as an initial reference, but since the variation of I with T is large,
auxiliary standard atmospheres for S = ±50 and S = + 100 must also be

en .oyed to provide the range of temperature structures found in the
real atmosphere. Typical values of the apparent, critical N-gradients,
given the N-units per 1,000 ieet are:

S =-50 S = 0 S = +50 S = +100

For Z = 0 -6 -2 -36 -42
p

For Zp = 10,000 feet -5 -12 -21 -31

If onc remembers that the true, critical N-gradient is minus 48 N-units
per 1,000 feet, the large error introdaced by the lag of the humidity cle-
ment is at once apparent.

hi. Cx'- : to construct the radiosonde N-gradient overlay (fig. 3.8),

the apparent, critical N-gradient was compu d at selected pressure
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levels and was potted on anArowagram at the correct N and pressure
values. Since the N-valueL, at a given temperature T are a function of
the humidity, and since the ICAO Standard Atmosphere makes no pro-
vision for moisture; three values of relative humidity were used; 0 per-
cent, 60 percent, and 100 -ercent in order to cover thi. -nge of all pos-
sible situations. In orde that heights remain unchanged, the virtual
temperature must ba used. Smooth equally-spaced curves were drawn
parallel to the computed gradients. Thr se curves define three areas
on the N versus P plot on the Arowagram corresponding to the three
atmospheres; S =+ 50, S = 0, and S = - 50. It was found convenient to
extend each area to the right so as to include the adjacent portion of
the next area; e.g., S = + 50 was extended to the right so as to mulude
apparent gradients for a S = + 100 atmosphere.

Use of the radiosonde N-gradient overlay is explained in the fol-

lowing instructions and recommended computational procedures:

1. Carefully place the overlay in register over the Arowa-
gram. The S = 0 curves are aligned initially.

2. Examine the temperature sounding (T vs. P) carefully
to determine which layers of the sounding fall witin th
S = 0 parallelogram. Place grease pencil tab marks on
the N-profile -- as to properly delineate this (these)
layer(s). Repeat this procedure for those layers which
fall into the S = + 50 and S = - 50 areas.

3. Layers within the S = 0 parallelogram.

a. Carefully compare the gradient (slope) of each
straight ]ine segment of the N-profile with the slope
of the apparent trapping gradient shown on the over-
lay. If the slope of the N-profile is greater, then
that layer is marked as being a trapping layer,

b. If z. :eg-ne c of ^tl t-prof:it. is exactly parallel to
a trapping gradient line on tb, -rl, mark it as
being a trapping layer.

c. If segments of the N-profile have slopes close but
not equal to the apparent trapping gradient, these
layers may be trapping layers. Examine the sound-
ing t- sc, -' there are meteorological indications
which suggest that a trapping layer should be pres-
ent. If so, evaluate the laye; (layers) as a trapping
layer(s).
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4. Layers S = + 50 and S - 50.

a. Invert the overlay. Place the appropriate curve
in register and proceed to evaluate as in (3) above.

Each trapping layer identified should be examined for possible influ-
ences on the particular radict-radar system in operation, using the
methods described in part III of this manual. For computational pur-
poses use the actual -value observed at the la, -r base and the actual
sritical N-gradient (A q = -48 N-units/ 1,000 ft.) to determine the most
probable N-value at the layer ;op. Heights of the base and top (and
layer thickness) may be determined for all layers of interest from the
pressure height curve.

In addition to figure 3.8. a larger, full-size overlay (for use with
the large-size Arowagram) has been printed on transparent paper and
is provided as a loose-13af inclusion to this manual (chart V). As in
the case of charts III and IV it is recommended that working copies of
chart V be made on transparent plastic stock.
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4. THE STANDARD ATMOSPHERE

in the preceeding chapter we have defined "ctandard refrac-
tivityprofile" in a " standard atmosphere" and have diss...Ssed the com-
putation of N-gradient va-ues in both the standard and in the actual
atmosphere, In this chapter we shall discuss the effect of refractive
gradients in the standard atmosphere upc. -ropagation and shall des-
cribe the various "modified" refractive indices in current use.

4.1 Refraction in a Standard Atmosphere

We have seen that N decreases exponentially with height in the
standard atmosphere and that, as a consequence, electromagnetic ray.
are bent downward by refraction in such an atmosphere. Figure 4.1
shows a radio frequency source of electromagnetic radiation above the
surface of the earth. The lit zone (or interference zone) forms the locus
of all direct paths, while the crosshatched area below the grazing path
is the diffraction region. Note that the radio horizon, C, lies beyond
the geometric horizon, A, and the optical horizon, B. In a standard
atmosphere the curvature of a radio ray is about one-fourth the curva-
ture of the earth so that the radio horizon extends beyond the geometric
horizon by about 15 percent. Tables have been calculated for radio hori-
zon distan -e versus transmitter height in a standard atmosphere for
several values of surface refractivity, Ns . The results of such a cal-
culation are plotted in graphical form in figure 4.2.

4.2 The Four-Third's Earth Radius Concept

In the first few thousand feet above the surface, the exponential
decrease of N with height (in the standard atmosphere) may be closely
approxim:9ted by a linear decrease. The upper sketch in figure 4.3
shows the earth's u:ura _ an- .Angcnt ray having a curvature equal
to one-fourth the earth's curvature. At a g .9x distance h .yond the
tangent point, a straight tangent line will be 4 above the surface, t
we neglect second order tern.s (see fig. 2.2). At the same distancc
away, the straight line will b S -)above the curved ray. Assuming

is constant and equal tow, it follows that the ray will be 19 -a-A a,
ahove the earth at the distance, d, The same height-distance relation-

-:i: ,;-twen ray eid buiface may be obtained if one makes the ray
straight and modifies the earth's radius to a new value ae. such that
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*' 1 1

a 4a ae

or

ae =--=a (4.1)

Thus, by making the "effective" earth's rc lius four-thirds as great as
the true radius, the situation has been resto ed to that of the homoge-
neous atmospheric case (st.raight ray and curved earth)--see middle
sketch in figure 4.3. This method, advanced bySchelling, 'arrows, and
Ferrel [19], assumes an earth suitably larger than the actual earth and
allows radio rays to be drawn as straight lines over this earth rather
than as curved rays over an earth with true radius a.

In general, the effective earth's radius ae = ka, where k is the
effective earth's radius factor and a is the true radius of the earth.
The value of k is usually assumed to be four-thirds in the United States.
it is desirable, however, in some geogrqphic areas to use a somewhat
different value of k, for example in desert areas it is more nearly six-
fifths. One may write in general

1
k - An (4.2)

where Anis the assumed linear gradient of the index of refractionAh
(usually negative), applying to a particalar area or season and a is the
sea level radius of the earth.

This method of accounting for atmospheric refraction permits a
tremendous simplification in the computation of radio field strengths
even though the distribution of refractive index (linear with height) im-
plied by this metho-i -.e.list.e orly in t1. lowest few thousand feet of
the atmosphere.

4.3 The Flat Earth Concept

For some purposes, it is desirable to portray the earth as beinC
flat with upward curving rays. This is done by subtracting the earth's
c 1rvo. u, .. Irr -m. b a .- A a earth. This results in an upward ray cur-
vature equal to the downward curvature given to the earth in the situa-
tion described in section 4.2 (see bottoms etch in fig. 4.3). This rep-
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resentation is not now widely aijed because of its umrealistic portrayal
of the earth-ray relationship. However, there are instances, such as
rayplotting by analogue computers, where it is advantageous to use the
"flat earth" type of presentation.

4.4 Modified Refractive indices

The B-, M-. A-, and K-modifications of : efractivity are useful,
particularly in ray tracing problems and in synoptic studies of refrac-
tivity. Each results in simplifications in ray geometry in certain situa-
tions, not only in plotting rayLrajectories but also in the mathematical
relationships describing various propagation mechanisms and in the
study of climatic and synoptic relationships. There is much to be said,
however, for retaining the unmodified refractivity N itself. It is a basic
physical quantity, and as such is more easily understood than are B,
M, A, or K. For the purposes of uniformity and initial simplicity, N-
units are therefore the principle refractive index units employed in this
manual (except in part IV). For reference purposes, however, a des-
cription of each of the modified indices is given in the following four
subparagraphs.

4.4.1 B-Units

It was shown in section 4.2 above, that one can compensate for a
linear refractive index gradient merely by changing the effective radius
of the earth. The most convenient way to represent departures of a
given refractivity-profile from the standard atmosphere (at least in the
lowest layers where the depar-ture of the N-gradient from the assumed
constant value "- negligible) is to add 12 N-units per 1,000 feet to all
N-values. This modified index, B, is defined as

= + 0.012h (4.3)

where . h is the value of refractivity at any height h in feet. A B-pro-
file will have zero gradient in the lower layers of a standard atmos-
phere. The B-modification, therefore, is a logical consequence of the
four-third earth radius concept described in section 4.2 because the
B-geadient is zero for the same situation where the ray curvature is
zero A :iu.darl 3trao:p..hec, S-profile is compared with standard N-,
A-, a.id M-profiles in figures 4.4 and 4.5. Note that in the lowest few
thousand feet B has a zero gradient but at higl --r levels (where the de-
parture of4 - Irom an assumed constant surface value of minus 12 N-
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units per 1,000 feet has become appreciable) B sl~ows a small positive
gradient.

4.4.2 M-Units

Another form of modified refractive index has beeai widely used,
and is associated with the flat earth concept of . , ,tion4.3. In this case,
one adds 48 N-units per 1,000 feet to all N-values. This modified index,
M, is defined as

M = Nh + 0.048h , (4.1)

where Nh is the value of refractivity at any height h in feet. When the
M-gradient is zero the ray curvature is zero in the flat earth case.
This is another way of saying that when the N-gradient is minus 48 units
per 1,000 feet, the ray has the same curvature as the earth. Thus, if
the earth's surface is represented as a straight line, the ray will also
be straight. Figures 4.4 and 4.5 show a standard atmosphere profile,
expressed in terms of N-, A-, B-, and M-units for comparison pur-
poses.

4.4.3 A-Units

As we have seen the B-unit modified index ove-eorrects for the
decrease in N with height in the standard atmosphere as shown in figure
4.5 by the increase of B with height. This overcorrection results from
the assumption of a constant N-gradient (i.e., linear N-profile) with a
value representative of the lowest few thousand feet of the standard
atmosphere. A modified refractive index (potential refractivity) ex-
pressed in A-units has been defined by Bean, Riggs, and Horn [4] in
order te eliminate this overcorrection. The expression for A, which
is written in terms v! an exponniual height l.t.1acton, is given by

A= Nh + Ns [i - exp.ch],

or

A + 313 [l- exp "0 144h] (4.5)

where Nh is the -efractivity at height, h, in kilometers. The decay co-
efficient c = - 0.144 was determined so as to L orrespond best with the
average station value of Ns = 313 !or the TUnited States. Figure 4.5
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shows a comparison between the stairdard atmosphere profile expressed
in terms of N-, A-, B-, and M-units.

To facilitate the transformation from N-units to " -units, a poten-
tial refractivity chart war prepared and is given in figare 4.6. This
chart eliminates the necessity of using exponential tables in each indi-
vidual calculation of A and thus lends conr iderable ease to the prepara-
tion of charts of the new parameter.

4.4.4 K-Units

In order to remove the height-dependent variations of refractivity
in homogeneous air (the problem for which Bean proposed the A-unit
modification) and to develop a modified index from fundamental meteor-
ological relationships (rather than from essentially empirical consid-
erations as Bean has done), a modified index (potential refractive index)
expressed in K-units has been defined byJehn [16). The expression for
K is given by

K= (,00 0.714 Nd + P 0.286 N (4.6)

P ) I d Nm000 (4.6)

where Nd is the conventional "dry" term and Nm the conventional
"wet" term in the refractivity equation and P is the pressure in milli-
bars at the point in question. Tables or graphs of the two multipliers
could be prepared to facilitate the conversion from N-units to K-units,
but as yet these are not .vailable.

It should be noted that K-values are referred to the 1,000 millibar
pressure surface, and as a result the station-to-station variability of
refractivity occa.o -, ' by dilfferences in station elevation are strongly
suppressed. In synoptic radio-meteorology," this becumzc an important
factor.
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5. THE 4.CTUAL ATMOSPHERE

Thus far, the discussion has been concerned witi, 'e propagation
of radio waves under two artificial situations; an earth enveloped by a
homogeneous atmosphere, and one with an atmosphere in which refrac-
tivity decreases smoothly (linearly or expo- entially) with height. As a
final step, it is now in order to consider the Lctual atmosphere and its
effects on propagation.

There are numerous ways in which the troposphere departs from
the simple linear or exponential gra-dient model. In a well mixed tro-
posphere, for example, there are a myriad of small random variations
in N, both in vertical and horizontal planes. Even at a fixed point, N
is found to vary in a random way about some mean value. These fluc-
tuations are caused by parcels of air with different temperatures and/
or vapor pressures than their surroundings. Most parcels are caused
by unequal heating, during the daytime, of air in contact with the ground.
The warmer parcels rise convectively and drift with the wind until they
are broken up and eventually lose their identity through turbulent mixing
with the surrounding air. Similarly, air overlying lakes, rivers, and
oceans becomes more moist than its surroundings and rises because
of its lower density. Refractometer measurement. show that the root
mean square value of the N fluctuations decreases exponentially with
height in a well mixed atmosphere. This is a priori evidence that the
source of the small-scalc variability of N is at the surface.

5.1 Anomalous Propagation

In some cases the actual refractive index profile in the atmosphere
departs from the linear and exponential models enough to cause radio
and radar fields to -' -h stronser well bovond the horizon than would
be expected from standard refraction and diffra.tion. Theze situations
are generally caused by the presence of steep, negative, vertical gra-
dients of refractivity in layers, which in turn cause the radio waves to
be bent downward sufficiently to continue some distance on around the
figure of the earth. A discussion follows of the development and of the
characteristics of these so-called "trapping" or "ducting" layers.

5.1.1 Surface Layers

The actual troposphere departs most frequently froza standard in
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the lowest few hundred feet. "ThIese surface layers, in which the N-gra-
dient is much steeper than minus 12 units per 1,000 feet, are caused
by nocturnal radiational cooling, by evaporation or by advection. Fre-
quentlythe N-gradient, particularly just above the ground, ' consider-
ably stronger than minus 48 uni- s per 1,000 feet, such that a ray actually
has a downward curvature greater than the earth's curvature. if the
layer is thick enough compared to the propag tion wavelength, energy
is guided around the figure of the earth in the later, causing fields be-
yond the horizon to be very much stronger than normal. Because of the
wave nature of radio energy, it turns out that the layer thickness must
exceed a certain critical value, which is a function of wavelength and
of the shape of the N-profile, before guiding or "ducting" of the wave
can occur,

When the layer becomes particularly intense, the horizontally
directed energy from a transmitter located within the layer will be
completely contained in the layer; in this instance the fields will de-
crease as the square root of distance rather than as the first power of
distance. At some distance beyond the horizon, these fields would then
theoretically not only be stronger than the diffracted fields, but would
even be stronger than the free space fields. Such intense layers have
not actually been found in the atmosphere. The strongest fields observed
in surface ducts have been about equal to the free space fields. When
the fields approach this level, the energy is said to be "trapped". The
refractivity profile requirements for trapping radio energy of various
wavelengths are described in more detail in section 6.1.

(a) Radiation Ducts

Nocturnai! radiational cooling of the ground surface may produce
"radiation" ducts. They are particularly intense over dry or desert
areas, where there is ir.", -,ter vnpnr in the air to intercept and re-
turn outgoing, longwave radiation back to the gro-und. Calm nights tend
to intensify duct formation because there is little mechanical turbulence
to mix the cool lower layers with -he warmer air above. The typical
N-profile is exponential in shape, merging with the standard gradient
at heights of a few hundred feet. Measurements in southwestern Arizona
by Day and Trolese [10] showed that usually the profile is standard at
sunse, %:iis, the suxf-c , N • -;ue increasing as the night progresses.
At suurise, the surface N-value has typically increased by about 15
units while the values above 500 feet have incre. sed by only 2 or 3 anits.
Usually *he top of the duct is arbitrarily takez, to be the height where
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the gradient is minus 48 units per 1,000 feet. A typical value of this
height at sunrise in Arizona is about 50 feet. Such a duct would be ex-
pected to trap wavelengths shorter than about 30 centimeters, and ex-
perimental results [101 show this to have been the case.

(b) Evaporation Duct.

Over the ocean, surface refracting I- rs are caused by a dif-
ferent process than that described in (a) above. Diurnal temperature
changes over large bodies o t water arc usually quite small. This is
because solar energy penetrates well beneath the sea surface. There-
fore, a relatively large amount of heating is required to change the sea
surface temperature. Radiational cooling, which does occur, makes
the surface water heavier than the underlying water, so it sinks, bring-

ing up warmer water from below. The surface temperature, therefore,
remains practically constant night and day. Daytime heating can cause
a thin surface layer of higher temperature, but wave action usually
rapidly mixes this layer with the cooler water below.

Evaporation from the sea surface, on the other hand, causes air
parcels to be carried aloft by buoyancy, and thus gives rise to a steep
gradient of water vapor pressure (and hence of N) in the first few hun-
dred feet above the sea. While instantaneous N-profiles show wide fluc-
tuations, the average over several minutes shows a profile which is ex-
ponential in shape when the air and sea are the same temperature. When
the air is warmer than the sea the profile is more nearly linear; i.e.,
the N-gradient changes more slowly with height. In the unstable case
(sea warmer than air), the gradient decreases more rapidly with height
than in the neutral case (sea and air temperature the same). An in-
teresting consequence of the physical processes which take place in the
formation of an evaporation duct, is that in the stable case, low wind
speeds favor strong duct formation; while in the unstable case, high
wind speeds favor Lroy.g dacts. These hyl - thases have been verified
in datataken over the Irish Sea byAnderson anvd Cc-sord [1]. Criteria
are presented in section 6.1.3 which enable one to determine from
meteorological measurements .c bridge elevation, whether or not a
given wavelength will be trapped by the oceanic duct.

(c) Advection Ducts

Another process by which surface layers with superstandard N-
gradients can be formed, is the advection uf dry air over the sea. If
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the air is colder than ihe sea, vertical convection takes place which
tends to disperse air parcels with high refractiv.ty upward, thus pro-
ducing a weak but thick surface layer which does nct usually affect prop-
agation appreciably.

However, if the air i,7 warmer than the sea, stability will keep the
cool, moist (higi .) air confined to a thianer layer. This gives rise to
surface layers in which the N-gradient can be ong enough for"trap-
ping" and at the same time be thick enough to affect longer wavelength
energy than is the case with e- aporation ducts. This situation is prev-
alent over the Mediterranean, Red Sea, and Gulf of Arabia.

5.1.2 Elevated Layers

Thus far, processes which cause persistent departures of N in
atmospheric layers clbse to the earth or sea surface have been con-
sidered. These layers are caused by processes taking place at the sur-
face itself. There is another class of phenomena which gives rise to
strong N-gradients at some height above the surface. RefractorneLer
studies have shown that these elevated layers exist to some extent over
wide geographic areas. In fact, very few refractometer profiles have
been taken which do not show the presence of at least one elevated layer
within 10,000 feet of the earth's surface.

Most of these layers are only a few hundred feet in thickness and
the change of N from top to bottom averages about 10 units. Some layers
can be traced for tens of miles in horizontal extent while others, par-
ticularly the weaker ones, are less than 10 miles in extent. Figure 5.1
shows an N-profile through an idealized elevated layer. Several para-
meters of interest are shown; the intensity, ANL , the thickness, Ah,
and the heights of the top and bottom of the layer, hT and hB, respec-
tively. Xt will be noted that the N-gradient is shown as being standard
below and above the Ytc. "hi., .; ualiy tr.-. , se although nominal
departures from standard are often found.

Figure 5.2, shows the effec. of such an elevated layer on rays
emanating from a transmitter located well below the layer bottom. The
four-thirds earth's radius modification has been used in constructing
t',- -arth and layer boundaries. Since (as shown in fig. 5.1) the N-gra-
dien ic %_n,d-,'d jutsir'e tw,. Layer, the ray paths above and below the
layer are straight lines. In the layer itself, the N-gradient exceeds
standard, therefore, the rays bend downward.
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- ELEVATED LAYER(- h - - -V--TEDI

STANDARD
GRADIENT

REFRACTIVITY N

Figure 5.1. N-Profile--Elevated Layer.

Using these geometric considerations and Snell's Law, and with
the help of exp-essions previously derived for ray bending in a medium
of constant N-gradient, one obtains the following expressions for the
distance, d, between the radar and the point of entry into the layer, and
Ad, the distance the ray travels in the layer,

1, + 2 +(-h- (5.1)

and

/a 2An L  1 (Ah/ae) + 2 (hB hR)/ae - a0
2 + 2 (hB- hR)/ae

Ad :L ( a(5.2)
AnL 5
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where ae is the effective earth's radius, a is the inclination an-lee of-o
the ray as it leaves the transmitter, hB and hR are the heights of the lay-
er base and the transmitter respectively, Ah is the layer thickness, and
AnL; i.e., (ANL x 10-6); is the change in the index of refraction through
the layer (see figs. 2.6 and 5.2). The distance from th. transmitter at
which the ray emerges is simply the sum of these two expressions.
From this point, the ray pruceeds in a straight line as shown in figure
5.2. Figure 5.2 also illustrates the behavw, of the rays as the eleva-
tion angle, _a, is changed. For high elevation rays (above 2°) the bend-
ing is slight, but as ao bec(mes smaller, the rays are deflected more
and more from their original direction.

Figure 5.3, illustrates the effect of rair ing the transmitter height
(or lowering the layer height). The high angle rays still penetrate the
layer as before, but now, as _ao is decreased, the rays are bent more
and finally (in the t!ird ray from the left) emerge tangent to the layer
top. If ao is decreased even further, the rays do not penetrate the layer
at all, but are totally refracted back down toward the surface again.
The reason for this will be evident from a consideration of the expres-
sion for Ad. If (hB - hR) and _ao are sufficiently small, the first radical
becomes imaginary, signifying no emergent ray. When this radical is
just equal to zero, the emergent ray is tangent to the layer top. How-
ever, as __fo becomes negative, there will again be a value of a0 2, which
is larger than the remaining terms in the radical, and rays will again
emerge from the layer top. This situation is depicted in figure 5.3 by
the lowest ray in the bundle. Between the two emerging tangent rays
is a region where no energy penetrates the layer. A radar target in
this region would not be detected, nor would communications be possi-
ble between an airplane in the region and a surface-located transmitter.
This region is called a "radio or radar hole." A discussion of methods
for locating these regions, as well as avoiding them, is given in section
6.3.1.

In figure 5.4, the transmitter is abovce ;ay'37r. In t.is case,
the upper rays do not intersect the layer at all, and are unaffected by
it. There are, however, two rayswhich again define a "radio hole" in
this situation. The first is the ray tangent to the layer top, and the
second is a ray going down at a steeper angle, which comes back up
+b-nugh the layer farther nut. The distance from the transmitter to the
t ..g..nt ... I start C the radio hole) is simply

d' =,Ji2, (hR - h,.,l- (5.3)



-74 -

co
-uj-

C4

00

f S..



- 75 -

_-.--- /
I1/

131I- A~Ix 1

\ I

'I

w U

UI______________________________
U)



- 76 -

where hT and hR are the height., of the layer top and transmitter res-
pectively and --e is the effective earth's radius. The width of the radio
hole is more complicated to express in this case, than when the trans-
mitter is below the layer. In section 6.3.1, practical methods are pre-
sented for operational use.

The main difference between the transmittPr being below the layer
and being above the layer, is that i the former, se one can eliminate
the radio hole completely by lowering the transmitter far enough below
the layer. If hB - hR is large mnough, all rays will emerge from the
layer regardless of fo. When the transmitter is above the layer, on the
other hand, raising the transmitter moves the hole further away and
gradually narrows it but can never eliminate it.

Substituting 10 units for _NL;(AnL = 10x10- 6 ); and 200 feet for
Ah in the expression for Ad, shows that if the transmitter is more than
80 feet below the layer base, there will be no radio hole. It can be seen
then that a typical elevated layer will have little effect until the trans-
mitter is nearly at layer height. For the same layer, with the radar
80 feet above the layer, a radio hole would exist at radar height between
22 and 60 miles from the transmitter.

The ray tracing expressions discussed above, are theoretically
valid only when the layer is smooth and has a uniform N-profile o~er
a large horizontal area surrounding the transmitter. Even though actual
elevated layers rarely are as smooth as the mathematical model re-
quires, the results of many experimental flights above and below such
layers give results as indicated by Doherty [11], which are in surpris-
ingly good agreement with theory. Field strengths in radio holes are
found to be considerably lower than outside them, and the distances to
the boundaries agree very well with those calculated from 'ay theory
and measured N-pr" of.lcs.

In certain geographical areas, strong subsidence if dry air' irom
aloft gives rise to intense elevated inversions (layers) with AN' s of the
order of 40-60 units and heights of less than 3,000 feet. These areas
are near 30°N. (and S.) latitude in those belts where atmospheric sub-
sidence is strongest. In the Northern Hemisphere, the areas of occur-
renc: ,' tb- s.c'onge:;i. elei.,d inversion (layers) are located where
the 3C 'ix. ia.it-,.ue belt h.tersects the west coasts of large continents;
namely, southern California, northern Mexico. ,nd Morocco. Little data
is available for the Southern Hemisphere, although such evidence as
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exists indicates that similar areas will be found on the west coasts of
the continents in that hemisphere as well. Ducts of this intensity are
frequently able to trap energy from surface radar and also at communi-
cation wavelengths.

In layers where &NL is large, causing the total refraction of rays
with relatively large ao's, the roughnes- - the layer becomes a very
important factor in feeding energy into the radio holes. In experimental
studies off southern Califo -nia, it has been found that in such situations,
the field strength in the radio hole is weaker than it is above or below
the hole, but it is stronger than when no layer is present. This comes
about because of the Rayleigh criterion of roughness, as follows:

h= X/8sinao P (5.4)

where h is the permissible height of random roughness elements for a
reflecting surface to appear smooth at wavelength X and with the inci-
dent angle equal to a o .

Suppose, for example, that a layer has the following character-
istics:

AN = 50

and

Ah = 200 feet

We find that total refraction will occur for ao as large as 9.3 milli-
radians. in this case, the roughness elements must be less than 13
wavelengths in height for the layer to 9ppear smooth. On the other hand,
if AN is 10 units, as it was in our previous layer, E can only be as
large as 2.4 niL. d_-,n n, givia. 6 .permit b!l roughness element height
of 53 wavelengths. From this, it is evident th -=t a strong ele.,.ted layer,
which is capable of trapping energy incident at rather large anglez,
must also be much smoother .han is usually found in nature in order to
give a well defined radio hole. Weaker layers, which require small ray
angles for radio holes to form, can be relatively much rougher and svi
produce well defined hoes,

5.2 Ray Bending

The previous section considered the behavior of rays in the pres-
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ence of steep N-gradients. Of prima.y concern were those rays which
were bent sufficiently to emerge tangent to the top of the T N...,
we wish to consider situations where the bending is not so drastic. It
should be realized, of course, that such bending occurs iti any atmos-
phere where N changes with I-eight. If N decreases with . -ight, as it
does overthe earth, the rays are bent downward. As was seen ir se,:-
+inn 9 R A +hic I %anrincywt n- u nC 7 n nlfl+1p-rvtr -ipo

portional to the N-gradient normal to the ray pt .h.

In order to determine T exactly, one must know how N varies with

height. Ingenerai this relati-onship cannot be expressed insimple ana-
lytical form. Furthermore, the N-profile changes from place to place
and from time to time. In practice, it is more satisfactory to approxi-

mate a given N-profile by a series of straight lines and then to deter-
mine the incremental bending caused by each segment. The total bend-
ing up to a given height is simply the sum of the individual increments
up to that height. This procedure is particularly suited to N-profiles
derived from radiosonde data, since significant levels are originally
specified using linear interpolation between levels to recover the orig-
inal trace.

Using this approach, one may express the incremental bending
Ax caused by a ayer with constant N-gradient as,

T(milliradians) (NB - NT)

500 (tan PB + tan Prj.

where the subscript B refers to the bottom of the layer and T refers to
the top of the .ayer (see fig. 2.6). The values of tan 0 are determined
at each level in terms of ao , Ns - Nh, and h, using Snell' s Law. Figure
5.5 gives values of 500 tan 0 in terms of these parameters.

5.2.1 Elevation Angie Errors

In tracking targets with radars capable of measuring elevation
angles very accurately one is more interested in correcting the apparent
elevation angle, _go , to the true angle, than in the value of T itself. Fig-
ure 2.6, shows this correction or error angle, 6. If one knows the total
beni.;.. t . "%e1,,oer rAda; -'ght and target height, ht, then,

+ 7t t an Pt ") (N, - Nt) (5.6)
S(milliradians) = 2't + tan t- tan o



79

T80 .4-0, 71 T' 1N GRAPHIC REPRESENTATION OF

10.5: SNELLS LAW FOR FINDING
500 T,

h In thousands of fe.0 ao in miffiradians

2
_454: MUa

T 
fi-MMU

5 10 . I - 1 5il-M- t1A 1.

0 4
12

10 20 2 r# 10

URI30 
0.5

2 
20

m i50- 
CAz 

7-1 1

z 0 0
50 130

IM I + "I 111i .,-.I
lumm

100 01 12
tttttTt OTIP I i Ibo

1 :f 111 t 20
14+

V

20 K. I WE
0, 200.; M:HH Iiij, 1f 

'till.50 U-L

w Mffllm
U

500 _h- HE in

i!Kq 
500

MI:

7r..,

I J I 110UO 
1000

Figure 5.5. Graphical Representation of Snell's Law.



- 80 -

For low target heights, where -he a ,nusphere may be regarded as a
single layer of constant N-gradient, 6 is exactly half of r. At great
heights 8 approaches the value of _. These two limits are frequently
useful in estimating 6's without the necessity of carryir t out detailed
computations.

Figure 5.6 shows curves of both T and 6 ^or various ao's, over a
height range of 1,000 to 1,000,000 feet0 These ,aluei were computed
assuming N. = 350, and an N-profile as shown in figure 3.5. It can be
seen that a ray departing tangentially from the earth (ao = 00) is bent
almost 10 in traversing the eatire troposphere. At an elevation angle
of 300, the tropospheric bending amounts of 2' of arc. it is obvious that
the bending falls off rapidly as the elevation angle increases. Even at
1°, the bending is only two-thirds of the tangential value, and at 50 it is
one-fourth of the tangential value. It is interesting to note that at low
angles, most of the bending takes place at low altitudes, while at higher
angles, the contributions at greater heights are relatively more impor-
tant. To a first order of approximation, one may regard total bending
as proportional to N ; this is quite true at angles above 100. At very
low angles, Ir varies more rapidly with respect to NS, but the linear
approximation is still reasonably good.

The values shown in figure 5.6 refer to a standard atmosphere,
with an exponential decrease of N with height. When layers exist which
have steeper N-gradients, additional bending will occur. Layers close
to the surface are much more effective in increasing .r and 8 than are
those at heights of several thousand feet. The additional bending caused
by such layers is confined largely to the lowest few degrees. Above 50,
even a trapping layer will cause no additional bending. This is because
the distance the ray travels in the layer falls offrapidly with increasing
elevation angle. The bending caused by any given profile of refractive
index may be computef A. -, fnction of the ray elevation angle Co at the
radar, using the method described above. The additional ,'aused by
several typical layers is discussed in section 6.2.2 anc is shown in
figure 6.11.

It should be pointed out that the above discussion of radio ray
bending has been confined to refraction caused by the troposphere. When
the r ;.dai .., get i. _ in ,r abr: the ionosphere (heights above 100 miles),
additoul. bending is caused by ionospheric layers. Total bending by
the ionosphere is roughly equal to the troposl heric contribution at 100
megacy'les ( X = 3 meters). At shorter wavelengths the ionospheric
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bending decreases as the squp.re of wavelength.

5.2.2 Range Errors

Because radar waves travel slower in the atmosi,. 're than in a
vacuum and since radar range calibrations are made using Lhe vacuum
velocity as a reference, measured ranges are -lightly larger than actual.
These range errors are for most purposes entlL !y negligible. A method
for determining range errors is given, however, in section 6.2.3.



PART III

THE COMPUTATION OF ATMOSPHERIC REFRACTIVE

EFFECTS ON RADIO-RADAR PERFORMANCE
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6. RADAR PERFORMANCE

In parts I and H of this manual the various mechanisms were dis-

cussed by which radar or radio energy is propagated fr,m a transmitter
to a distant point in space. Also considered were the - -veral ways in
which meteorological variables affect these propagation mechanisms.

it was seen that relatively simple ray-tra .ing concepts are useful in
describing the behavior of radio energy in vurious situations. In this
chapter, these concepts arn put to practical use in order to solve the
operational problem of determining the variations in radar performance
caused by meteorological variables.

6.1 Surface-to-Surface Situations

6.1.1 "Normal" Detection

A surface radar, such as those on ships or low shore installa-
tions, normally is limited to detecting targets above the horizon line

(see fig.4.1). Its antennapattern is characterized by interference max-

ima and minima as shown in figure 6.1. Inside the fingers the fields
are above the free space fields, because the direct and reflected waves
reinforce one another, and in the regions between fingers the fields are

less than free space fields, because the two waves partially cancel one

another. For low radar heights, the vertical angles of the center lines

of maximum strength are given by

a (milliradians) = (n - k), (6.1)
maUx. 2 

2 hR

where n is 1, 2, 3, etc., hR is the radar height, and is the wavelength,
both expressed in the same units. Thus, for a radar height of 60 meters

and a wavelength :, '< -nter-. the interference maxima will occur at

2.5, 7.5, 12.5, etc., milliradians. The minima occur at 5, 10, 15, etc.,

milliradians. The range at which the tips of the fingers occur is takes

arbitrarily as the maximum dotection range of the radar; this range

depends, of course, on transmitted power, size of talget, and other

factors not related to propagation .tself.

* is e-deit Lat _'ace targets will not be detected unless they

ai e high enough to protrude into the lowest maximum of the pattern.

This will occur under normal atmospheric onditions at, or ju':t beyond,
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the horizon range for most shipboard radar installations and .nost sur-
face targets. Other things being equal, a short-wavelength radar will
detect surface targets farther away because its lowest interference lobe
lies closer to the horizo, than that of a longer-wavelength radar. In
the presence of strong surface or elevated ducts, te lower finger of
the pattern maybe bent do vnward considerably as sho,, - bythe dashed
pattern in figure 6.1. The lower side of the bottom finger extends well
beyond the horizon in this case.

6.1.2 Evaporation Ducts ,Surface),

Evaporation or "oceanic" ducts are not particularly effective in
extending the coverage of most shipboard radars because they are
usually shallow (75 ft. is about average). In order for such a duct to be
effective, the radar must be within 50 feet of the sea surface and its
wavelength must be shorter than 30 centimeters. Submarine radars of
3-centimeter (X-band) and 10-centime.ter (S-band) wavelengths as wen
as similar radars on small craft are the only ones which are usually
affected by the evaporation duct. The normal practice of installing
radars on the highest point on the ship places most radars above evap-
oration ducts which may be present. For low-sited radars, however,
the duct is often useful in extending the normal limit of coverage. It
turns out that one can determine, from simple meteorological data,
whether such a radar at a particular wavelength will have extended
coverage or not.

The Ductogram, figure 6.2, was designed at Bureau of Aeronautics
Project AROWA [25] to facilitate the prediction of extended radar cover-
age associated with an oceanic (evaporation) duct. Use of the Ducto-
gram is litaited to low-level oceanic ducts. For input data, the Ducto-
gram utilizes surface observations of air, dew point, and sea water
temperatures taken onboard the ship. The quantity AN t is the approxi-
mate difference :-i .,.he r,-4activity. N, at the elevation of ship-
board observation (bridge height) and the re.Jactivity, INs at the water
surface.

In an air mass which has stagnated over an ocean surface for
some time, the values of N at observation height (determined from a,'r
and dew point temperature) and Ns at the ocean surface (determined
.'ro,- '?-.e 'ca water teL-;p,,rature) normally do not differ by more than
one or two units. However, when the meteorological conditions favor
extended surface radar propagation, the , radient of N may reach much
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larger values and is especially pronounced in the lowest few feet of the
atmosphere. Thus, whei. AN? is large, the gradient of N for a depth of
several hundreds of feet will also be large. For this reason, AN' is in-
troduced as a parameter to be used in estimating the presence of an
oceanic duct. The magnitude of AN' necessary for e-tended radar ranges
varies with the wavelength of the radar, ranging fr. , 67 units for the
L-band, to 36 for the S-band, and 16 for the X-band. For longer wave-
lengths, such as the P-band (100-500 m .). the oceanic duct will be in-
effective, and one must use the methods pi esented in the foliowing sec-
tion to determine whether trapping will occur. Since air turbulence
affects the gradients of temperature and moisture throughout the layer
in which surface ducting occurs, the surface wind velocity is introduced
as a factor in the prediction of surface ducting.

The procedure to be used with the Ductogram is as follows: given
the air temperature, the dew point, and the sea water temperature (all
in OF.), find the intersection of the pertinent air temperature and dew
point lines and project horizontally to the left to the given sea water
temperature. Read the resulting AN'-value from the sloping lines at
the point. Then, refer to figures 6.3, 6.4, and 6.5, to obtain the mini-
mum AN'-value required for ducting as a function of radar wavelength,
surface windspeed, and the air-water temperature difference (in *C.).

Although the vertical extent of an oceanic duct may be estimated
from local observations, it should be pointed out that the horizontal
space distribution of refractive conditions must be analyzed from a
number of ship observations or from a consideration of the synoptic
situation (see part IV). Unless ducting conditions are expected to pre-
vail over a large horizontal area, extended ranges should not be pre-
dicted. Tn those instances when ducting is indicated, the amount of range
extension cannot be accurately computed. However, one may safely
estimate that radar coverage will be extended to at least double the
normal range. Tc , . -r'icu:Irlv favor:hlpe conditions (strong duct, loW
antenna, short wavelength) the range may be extended cs much as five
times normal.

6.1.3 Advection Ducts (Surface)

As was discussed in section 5.1.1, ducts may occur when warm,
a-' flows ou -w_ cool sea. They do not extend more than 100

miles or so from land unless there is a strong advection wind carrying
the air offshore. Usually these ducts a. e found over seas lying close
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to desert areas, such as in the Mediterranean, Red Sea, Gu If of Arabia,
and similar areas. To assess their effects on propagation, one needs
shipboard radiosonde or other data from which to plot an N-profile to
heights of 500 feet or more. In order to determine whether the duct is
capable of trapping energy of a particular wavelengf "'.nd hence whether
extended radar coveragL maybe expected), the N-pro..ie is plotted and
the height of the layer top, hT, and ANT for the layer are determined
as shown in figure 6.6. Using the criter . urves in figure 6.7, one can
determine whether a particular wavelength will Le trapped. If a point
corresponding tc the mea sured h T arid AN L lies to the right of the curve
corresponding to the radar frequency in question, the duct will trap the
emitted energy and give extended range coverage. The farther to the
right of the curve the point lies, the greater wiil be the radar coverage
extension.

The difference between the trapping criteria presented in figure
6.7 and those given in figures 6.3, 6.4, and 6.5 lies in the fact that fig-
ure 6.7 is applicable to any duct, but one must have an N-profile to de-
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Figure 6.6. N-Profile--Surface Layer.
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termine whether or not a given wavelength will be trapped. In figures
6.3, 6.4, and 6,5, on the other hand, one needs only N-values at the sea
surface and at bridge height. From these two values, one can deduce
the N-profile if it is assumed that the air has been over the sea a long
enough time for equilibrium to have been establis;. 4. Tn general, the
criteria shown in figures 6.3, 6.4, and 6.5 are applicable far from land,
while those in figure 6.7 are applicable -nywhere. No comprehensive
comparison between the two methods is y, available,

6.1.4 Elevated Ducts

One may use a similar procedure for analyzing the effect of ele-
vated ducts on radar performance. In this case, plot an N-profile as
before; figure 6.8 illustrates an elevated duct. Figure 6.7 may again
be used as the trapping criterion if one plots the point corresponding to
the height of the layer top divided by two, (-) and ANL for the layer.
If the point lies to the right of the radar frequency curve in question,
trapping will occur and radar coverage will be extended. As in the case
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1- T -

W I I
I I

SFC
REFRACTIVITY IN N-UNITS

Figure 6.8. N-Profile--Elevated Layer.
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of evaporation and advection du'ts, one cannot accurately predict the
extent of anomalous coverage, but only whether or not it will occur.

With experience one may estimate whether there will be a large exten-
sion (up to 5 times normal range) or a moderate one (twice normal)
according to how far the plotted point lies to the right of t. pertinent
radar frequency curve.

The criteria curves shown in figure 6.7 are zsed on a theoretical
treatment of the guiding of radio-radar energy by ducts. Nerops
attempts have been made to treat the problem theoretically, but this
particular method, by S. A. Schelkunoff of Bell Telephone Laboratories

[18], has been the only one to successfully stand the test of experimental

verification.

6.2 Surface-to-Air and Air-to-Surface Situations

In the previous discussion it was noted that various types of N-
profiles with strong gradients could channel radar energy near the sur-
face and thus illuminate targets which were well below the horizon line.

The propagation effects of refractive layers when one terminal is well
above the ground are considerably different from those when both ter-
minals are low. In principle, the coverage pattern of a surface radar

looking at a high-flying target, should be the same as that of an airborne
radar looking at surface targets. One significant difference, however,

is that in the air-to-surface situation"sea clutter" complicates detec-
tion, particularly of small surface targets.

6.2.1 Sea Clutter

The myriad of echoes frequently observed by airborne radars
looking over a sea surface is called "sea clatter" or "scope clutter".
Its effect is to increase tb background of echoes against which one

must detect the surface target,- and, in the case of rnall targts such
as submarine snorkels and small craft, it can seriously interfere with

detection. Sea clutter is caused by reflection from individual waves.
As one would expect, it is worse in heavy seas than in calm ones, and
the echoes are stronger for shorter wavelengths than for longer ones.
Furthermore, the echo intensity increases as the cube of the angle of

inci-,. ,- n- Thus, clutter echcz: extend from the sea surface directly
under t'. o.f. out to so..ne distance, as given in figure 6.9, depending
upon the altitude of the aircraft and the sea st-re. The presence of
strong N-gradients has little effect on the extent of the clutter echoes.
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Figure 6.9 was adapte'd ,rom a chart originally produced by Lock-
heed Aircraft Company [231. It was modified to its present form, on
the basis of in-flight sea-clutter data, by personnel of the U. S. Fleet
Weather Central, Argentia [24]. To use the figure:

1. Enter at upper right with swell height plus wave height
in feet, or with the coded value of H",7j, mean maximum
height of waves.

2. Proceed horizontally to the appropriate surface wind
speed line in knots.

3. Proceed vertically down to the appropriate aircraft alti-
tude curve.

4. Read the sea clutter radius on the scale at lower right
in nautical miles.

For example, suppose the wave height plus swell height is 8 feet and
the surface wind is 10 knots:

If the aircraft is at 5,000 feet, R (the radius of clutter) = 64 miles.
If the aircraft is at 10,000 feet, R (the radius of clutter) = 93 miles.
If the aircraft is at 20,000 feet, R (the radius of clutter) = 134
miles.

Because of the effect of wave shape on the reflected energy, one should
add 15 percent to the clutter radius in the upwind area and subtract 20
percent in the downwind area.

As stated on the chart, the values given are for a 2 megawatt,
10-centimeter radar ha "'n an antenna gain of 35 decibels. To obtain
clutter ranges for other wavelengths multiply the indicated ranges by

(cm.i

for other radar powers multiply the indicated ranges by

KP(mw. 3 .
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and for other antena ains -nultip!y the indicated ranges by the antilog
of {0,007 [G (db) - 35J .

6.2.2 Elevation Angle Error

An important problem encountered in surface, ai, search radar
operation is that of elevation angle error. TJe standard N-profile causes
radar rays to bend downward as they trave. hrough the troposphere.
The total ray bending along the tangent line amounts to about 3/40 as
the ray proceeds from the .urface up through the stratosphere. About
90 percent of this bending takes place between the surface and 30,000
feet; as a result an air- search radar capable of measuring precise ele-
vation angles will always indicate higher elevation angles than the true
ones.

The elevation angle error, 6, is a function of the measured eleva-
tion angle, a., the N-profile and the target height, ht. Standard atmos-
phere corrections can be made to take average bending into account
(see fig. 5.6). In the presence of layers where the N-gradient is stronger
than standard, however, the bending error can be increased consider-
ably. If one has a refractivity profile, the radar elevation angle error
maybe determined quite accurately, according toWeisbrod and Ander-
son [26], in the following way:

1. Subtract all N-values (computed from radiosonde data)
from the refractivity at the surface (radar height), N s.
Tabulate the resulting N. - Nh values for each height,
h, above the radar.

2. Using figure 5.5, determine 500 tan 0 at each height.
This is done by entering the left margin of the figure
with thz pr",nr N s - Nb. Next, move horizontally to the
curve cirrespondhig to the heighit, L, which is expressed
in thousands of feet. Now, proceed vertically to the curve
corresponding to the measured elevation angle, ao, which
is expressed inmilliradians. Finally, read 500 tan P by
moving horizontally to the right-hand scale. This is a
graphical solution of Snell's Law (see section 3.2). Oc-
ca sior.y., -Nh will be negative; in this case enter
the left nargin with N s - Nh and use the dashed height
cur ies, proceeding as above to determine 500 tan 6.
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3. By dividing the atmosphere into layers whose boundaries
are the radiosonde heights tabulated above, the ray bend-
ing._47 caused by each layer cannow be determined from
the expression

AT (milhradians) = ANL
500 tan A- + 500 tan PT

where 500 tan PB is the value tabulated at the lower
boundary of a give;i layer and 500 tan T is the value
tabulated for the rext higher level; ANT is equal to N at
the bottom of the layer minus N at the top of the layer.
For each consecutive pair of heights one gets a value of
AT in milliradians.

4. Add the AT s from the radar height (surface) to the tar-
get height, Nt. The sum is-t in milliradians.

5. Compute 6 corresponding to the assumed _o and target
height, ht, by 2

1000 Tt tan Pt - (Ns - N.) x 10- 3 +-

6 (milliradians) = (6.2)
Tt + 1000 tant - 1000 tan aO

where Nt is the refractivity at target height and 1,000
tan 0 t is twice the value of 500 tan 0 at target height.

6. This will give a value of 6 corresponding to the assumed
o nad target height. It must be repeated from step 2 on

for other aO's and target heights to cover a useful range
of conditi-os

The procedure outlined above is straightforwaard hough tedious.
It is, however, quite exact, and is the simplest way (short of using an
electronic computer) for determining 6 from radiosonde data.

One can, however, estimate the values of 6 to be expected under
,.r...... reasonablv clos_ -Lo the standard ?tmosphere by using figure
6.1u, 7hz viiues sho,vn are for an Ns of 350. To convert to other
values of surfac . refractivity, multiply the indicated elevation angle
errors by--&. The presence of refractive layers can cause significant

350
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departures from these values; particularly at lo w el.v in angles. In
figure 6.11, the differences b, ween the elevation angle error under
layered and standard-atmosphere conditions, 6 layered minus bstandardI

are shown for several types of refractive layers. To estimate refrac-
tion effects then, one adds the values obtained from figure 6.11 to those
found in figure 6.10 to obtain ",alues of the total elevatio. ngle error.

6.2.3 Range Error

Becausc radar waves in the atmosphere travel slower than they
do in a vacuum, a range error results. Since radar range calibrations
are made using the vacuum velocity as a reference, the measured ranges
are always slightly larger than the actual. The resulting error, AR, is
usually too negligible to be considered in practical air search opera-
tions. It amounts to approximately 700 feet for the round trip to a tar-
get above the stratosphere with ao = 0. Figure 6.12 shows the one-way
range error as a function of measured range, R, for several 50's and
assuming Ns is 350. For other Nss one may assume that AR is pro-
portional to N. with sufficient accuracy for most practical purposes.
The effect of strong N-gradients on range error is at most a few per-
cent of the values shown in figure 6.12 so it can safely be ignored.

6.2.4 Radar Holes

The occurrence of radar holes or blind spots in a surface, air-
search radar coverage pattern is infrequent. It was noted in section
5.1.2, that intense elevated layers cause such holes but that the fields
in them are stronger than when the layer is absent, so they do not re-
duce radar coverage. Weak elevated layers are incapable of causing
surface radar holes unless they are just a few hundred feet above the
radar. Surface ducts caused by advection, however, can cause surface,
air- search radar holes. The ray tracing results for this case also apply
to low, weak elevated Tv','. .n both cases, the radar is below the top
of the layer. The near" edge of the radar hole wll bc located at the top
of the layer at the distance

d= hT L  (6.3)NL- 0.048 hT (63

wnere- i-. :tghe ' of - top of the layer above the surface and
AN L -s equa. io N at the surface minus N "t the top of the layer, Ns -
NT. It can be seer. that unless the N-gradient t -. ween the radar artenna
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height (surface) and the top of the layer is greater than 48 units per
1,000 feet, d will be imaginary and no radar hole will be present. The
same expression applies to evaporation ducts, although in this case

AN L as defined above will almost never be large enough to give a radar
hole.

6.2.5 Summary

The general effects of refractive layers on surface-to-air (and
air-to-surface) radar performance are summarized following:

1. In air-to-surface situations the presence of "sea clut-
ter", which is produced by reflections from individual
waves, may seriously interfere with the detection of small
surface targets.

2. Actual ray bending may be considerably in excess of
standard-atmosphere bending. This will cause radar
elevation angle errors on the order of a large fraction
of a degree.

3. Range errors, which can be as great as 700 feet over a
range of 200 miles in a standard atmosphere, are not
significantly changed by the occurrence of strong N-gra-
dients.

4. Radar holes or blind spots in the radar coverage pat-
tern are rarely observed in surface-to-air situations,
but may occur occasionally in the case of advection ducts.

6.3 Air-to-Air Situations

Since boti. a..--r -, '1e targct are usually well above the sea
surface, evaporation and advection layers have little, If anr effect, on
radar performance in this instance. Such layers are too far below .'I-
line of sight to affect propagt lion, and even when the line of sight grazes
the horizon, they have little effect for the reasons discussed in the
preceeding paragraph.

3 ".dar -iHol,-s

Elevated layers, on the other hand, :an be quite effective in causing
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radar holes. It was shown in chanter 5, that radar rays can be ttally
refracted when the radar is below the layer, thereby causing a region
into which little energy can penetrate.

(a) Location of Holes (Radar Below Layer)

The distances, R! and R', from the radar to the near edge and
to the far edge of the radar hole, respectively 1-t the top of the layer)
can be expressed in terms of the refractivities NR , NB , and NT at the
radar, layer base, and layer top, respectively, together with the tlnee
corresponding heights hR, hB, and hT (see fig. 6.13). For this purpose
two parameters D1 and D9 are defined

0.232 (hr - hB) 
(6.4)DI= NB- NT -0. 0 4 8(hT- hB)

and

0.232 (hB -

NR- NB -0.048(hB- hR) (6.5)

where D1 and D2 are in nautical miles and AT hB, and hR are in feet.

It can be shown that

R (naut. miles) = (D1 - D2 )V NINB - NT - 0.048 (hT - hB)

* D2 V-NR - NT -0.048 (hT - hR) . (6.6)

Subtracting the two terms gives Rt , the range to the near edge of the
hole, and adding them gives R", the range to the far edge (see fig, 6.13).
It should be noted tha. - ' W, -Cb -t e-termir cd, by the N-gradientbelow
the layer, will usually be negative, since the gr...ion, will ;e less than
48 units per 1,000 feet; on the other hand D 1 will always be positive
when there is a radar hole. When ' ie radar is at the height of the layer
base, the two radicals are equal. When the radar is within the layer,
R, and D2 are equal,and the range to the near edge of the radar hole is
g.,,en by the last term of the range equation.

The width of the radar hole, W, at the level of the top of the layer
is approximately given as follows:
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W (naut. miles) 1 2 D2 \ NR - NT -0.048 (hT - hR) . (6.7)

The foregoing equation assumes the radar hole width is equal to the
rangeto thefar edgeminus the range to the near edge; i.e., WV I:I - R
In figure 6.13, we see that this is only strictly true if the ar-e between
R' crd Rii equals zero; in all practical cases this angle wi" Ile small
and the error intrcduced by the assumption will be entirely insignificant.

Mo) Avoidance of Holes (Radar Below Layer)

It was pointed out in chapter 5, that if the radar is sufficiently
far below the layer, there will be no radar hole at all. This can be seen
from equation 6.5; if [0.048 (hT - hR)j becomes equal to LNR - NT],
the radical will be equal to zero, and the radio hole will have zero width.
For a still lower h , the hole width will become imaginary and no hole
will exist. The radar height at which a radar hole will first appear is
therefore,

0. 4 BbT- Ns +NT

hR (max.) = hB , (6.8)L.048hB Ns +N

where Ns is the surface refractivity.

(c) Location of Holes (Radar Above Layer)

When the radar is above the elevated layer, the distances to the
near and to the far edges of the radar hole are given at radar height
instead of at thehdight of the layer top as was done previously(see fig.
6.14). The near euge distance, R7, is given by

RO (naut, miles) = ----- , (F )
\0.048 (hR - hT) - (NT - NR)

where all heights are expressed in feet. The width of the radar hole,
when the radar is above the elevated layer, turns out to be a complex
exprc.s --. which is plotted g, a -hically in figure 6.15. The abscissa
is C2/C i ., aid C2 are defined as
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T - B
2 + 0.048 , (6.10)

hT- hB

and

NR- NT
C1 = + 0.04h . (6.11)

hR

The ordinate is Ah 1 / A h2 , where Ah 1 is the height of the radar above
the layer top, (hR - hT), and ..- 2 is the layer thickness, (hT - hB).
The family of curves give hole width, W, at radar height, divided by R1,
the distance to the near edge of the hole at radar height.

In the expressions for C1 and C2 above, it will be seen that C, is
always positive, but that for strong layers C2 can become negative.
Thus, in figure 6.15, negative values of C2 /C1 refer to strong layers
and positive values to weak layers. When C2 / C1 is zero, the N-gradient
in the layer is equal to the earth' - curvature, and when C2 /C 1 is equal
to positive one, the layer becomes indistinguishable since its N-gradient
is equal to that above the layer.

The curves of figure 6.15 were adapted from theoretical work
carried out at Cornell University [11 ], and the results have been com-
pared with actual flight data taken by the Wright Air Development Cen-
ter. It was found that actual elevated layers produce radar holes whose
location and width agree quite well with the theory. Furthermore, it
was found that appreciable radar holes occur even when C2 /C1 is as
much as 0.9 (as indicated by radiosonsde data). Since this value of C2 /
C1 is associated -i::h an N-gradient in the layer only 30 percent greater
than standard, it is evicien that even vetry weak elevated layers can
cause significant radar holes.

(d) Numerical Exampies

It is likely that the descriptions given in paragraphs 6.3.1(a), (),
.143 (-I above for locatk,;- radar holes involve concepts unfamiliar to the
-eadei. To clarify these concepts, numerical examples are given in the

following sub.aragraphs. Suppose the rariosonde data given in table 6.1
is representative over the area where radar holes are to be located.
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TABLE 6.1

Pressure Temperature Dew Point Height N

mb. OC. 0C. ft. N-Units

1,013 15.0 12.0 336

902 8.4 3,260 296

885 12.2 -13.0 13,760 f 250

850 9.5 -18.0 4,900 240

700 1 -1,3 -__ 35.0 j 9,900 j 201

Sample Radiosonde Data, Heights, and N-Values for the Numerical Examples.

The first step is to 'compute N at each level, using chart I or chart U;
these values are tabulated in the last column above. Next plot N versus
height to obtain a refractivity profile as described in section 3.3.2 (see
fig. 6.16).' From this profile the parameters of the trapping layer,
which is present, are determined to be

NB = 296 hB = 3,260 feet

NT = 250 hT = 3,760 feet

AN- =NB - NT - 4 6  Ah= hT - hB 500 feet

(i.) Radar Below the Layer

To determine the radar hole location when the radar is below the
layer, substitute the above values into equations 6.4, 6.5, and 6.6 as
follows:

0.232 (500) 116
D 1 = - = 5.28 nautical miles

46 -0.048 (500) 46 - 24

'1 hen). nuod , e, .ribed x sect"-. -. .3,4 will give some~hat different numerical answers.
Fu tae pu'poses ol illustration the simpler presentation (of N-profile) is used.
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Figure 6.16. N- Profile- -Numerical Example.

0.232 (3,260 - h R)

NR - 296 -0.048 (3,260 - hR)

and

R = (5.28 - D )V46 -24 t D 2 Vi 250 -0.048( 3,760 - hR

To determine the actual location of t-hIt :ada iole, assume a radar
height h R and read off NRat that height from figure 6.1 6.

Example 1

Su.ppose h., = 3 ,OO0feet; N (take~n from fig. 6.16) is ther,
~ .~2now ecoms 0.23T4960 = -8.05 nautical miles,
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R 13.3 22 ± 8.0 \51 - 36.5

R 62 ±3' nautical miles .

The near edge of the radar hole, R', at the layer top (3,760
ft.) is thus at 62 - 30 = 32 nautical miles and the far edge,
Rit, is at 62 + 30 = 9? nautical miles.

Example 2

Now lower the radar height to 2,500 feet; (from fig. 6.16)on - - 0 232 (760) -6 9 n u ca
then Nu = 307. D2 becomes,. 36.5 - . '
miles,

R = 12.2 2 ±6.9 VP7- 60.5

Since the quantity under 1he second radical is negtive, the
term is imaginary, and there will be no radar hole.

From the above examples, it is seen that a radar hole is present
when the radar height is not far below the layer base, but is absent when
the radar is lowered an additional 500 feet. For this particular layer,
one may find the maximum radar height which will not produce a radar
hole. Substituting the parameters of the example into equation 6.8 we
have

h (max.) 3,260 (180 - 86)40 = 2.640 feet

In this example, a radar height of 2,640 feet will give a radar hole width
of zero; at greater heights a radar hole will appear. This then is the
critival heigii for avoiding a radar hole for the particular profile of the
example. Using equation 6.8 one can readily compute h (max.) for any
elevated layer, using appropriate values of hB , h , andN,

(ii.) Radar Above the Layer

Consider now the problem of locating the radar hole when the
radar is above the same layer as specified in figure 6.16.

Example 3

For comparison with example 1 above, assume (hR - hr)
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in the present case is equal to (hB - hR) in the previous case,
or hR = 4,020 feet- thenfrom figure 6,16, NR 248 andsub-
stituting into equations 6.9, 6 I.A 6.11 we have

0.465 (260) 121
R' = - - 38 n-',cai miles ,

%10.048 (260)-2 3.2

C2 = 506 + 0.048= -j.044,

and
-2

C 1 = -2+ 0.048 = 0.040.

Then C2/C1 = -1.1, and

260
Ahl/Ah 2 = -- 0 = 0.52.

Entering these values in figure 6.15 gives -- 1.8. Thus,

the hole width at radar height is given as R'

W = 1.8 (38) = 68 nautical miles.

The distance to the near edge of the radar hole at radar height
is 38 nautical miles, and to the far edge it is 68 plus 38 or
106 nautical miles.

E-t:ample 4

In this example, assume (hR - hT) is equal to (hB - h R)
in exarw. i- .-, rnma'1- 750 feet. Then hR = 4,520 feet and
from figure 6.16, NR = 243. In this -sio. from equation 6.9,
we have

0.465 (760) 354
R = - = - = 66 nautical miles .

,V0.048 (760)-7 5.4

4aid C, an C2 will be the same as in example 3 above (C2/
C 1 = 1.1). The ratio Ahi/Ah l l now be 7 - 1.5 andCi Ah1 /~h 2 now 5006 -. n
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from figure 6.15, R = 0.94. Thus,

W = 0.94 (66) = 62 nautical miles,

and

R"= 66 + 62 = 128 nautical miles.

The results obtained in examples 3 and 4 show that, when the
radar is not far above the layer top (260 ft.), the near edge of the radar
hole is 38 nautical miles away and has a width of 68 nautical miles.
Raising the radar height 500 feet, moves the near edge of the hole out
to 66 nautical miles, but does not remove the hole. When, however, the
radar is an equal height below the layer base (example 2), the hole dis-
appears entirely, This illustrates the statement made previously;
namely, if the rad-r is above the layer, raising its height moves the
hole outward and narrows it slightly, but does not eliminate it. When
the radar is below the layer, one can eliminate the hole entirely by
locating the radar several hundred feet below the layer base.

(e) Shape of Radar Holes

The previous paragraphs have discussed the location of the radar
hole (1) where it intersects the top of the elevated layer, for the case
where the radar is below the layer, and (2) where it intersects the radar
altitude, for the case wh. the radar is above the layer. Since the
radar target will rarely be at either of these particular altitudes, one
would like to be able to locate the boundaries of the hole at any target
height.

(i.) Radar Below the Layer

When the rz..dr is 'elo,.; ',; layer, .I, is particularly simple.
Since the rays defining both edges of the hv.5 c-m:-rge tangcnt to the
layer top, they will remain the same distance apart at all heights above
the layer top; in other words, tl. width of the radar hole above the layer
is constant with altitude. This effect is illustrated in figure 6.13. At
a height, ht, (above the top of the layer) the radar hole width is equ_.
to W; comparison will show that W - W t. The only problem then is to
- hir," th .- ange beun tae layer top, RK, versus altitude (above the

layer top) relatic.aship of one edge of the hole (see fig. 6.13), and the
problem is complhtely solved. Figure 6.j ? shows various curves de-



117 -

R-- RANCL BEYOO LAYER TOP (NJAUTICAL MILES)

0 50 100 150 200 250 300 350

100

I. N-GRADIENT ABOVE LAYER z 0.

2. N-GRADIENT EXPONENTIAL %BOVE LAYER
NS  250 (dry atmosphere).

3. N-GRADIENT EXPONENTiAL ABOVE LAYER
Ns z 400 (moist atmosphere).
RADAR HEIGHT=1,000 FT. ABOVE SURFACE.

4. N-GRADIENT EXPONENTIAL ABOVE LAYER
N, z 400 (moist atmosphere).
RADAR HEIGHT z 5,000 FT. ABOVE SURFACE.

Figure 6.17. Shape of Radar Hole Chart.

fining this relationship for several different refractive conditions. In
the figure, the layer top is shown, together with segments, of curves
drawn at 10,000-foot increments above the layer top. The range scale,

Rx, is in nautical miles beyond the point where the ray emerges from
the layer top. The exact trajectory of the ray will depend on the char-
acteristics of the N-profile above the layer. The upper straight line,

curve 1, assumes no change of N with height above the layer, which of
cour .e is uDiealistic. The second curve, 2, assumes a reasonably dry
atmosphere al'ovt thb ia /e±, -hich cot :e.ponds to an exponential pro-
file with Ns equal to 250. The next two cus. ; -_--me a :zry high sur-
face N of 400. In these cases the amount of atmosphere below the source
is of importance; thus, the third curve, 3, is for a radar height of 1,000
feet, and the fourth curve, 4, is for a radar at 5,000 feet. An exponential
decrease of N with height above the layer, as portrayed in flgur, 3.5,
bas been assumed Jr. all cases except the top line. The proper curve
to use in icost ..ase, will lie between 2 and 3, and probably closer to
curve 2.
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(ii.) Radar Above the Layer

In this situation, the near edge of the raaar hole is again defined
by figure 6.17, since this edge is tangent to the layer top. The far edge
of the hole is defined by the next ray emerging from the layer top, which
emerges at a small upward angle rather than being exactly tangent (see
fig. 6.14). The hole, therefore, gets narrowee (width . -reases) with
increasing altitude above the layer, at a rate .rhich depends on the layer
characteristics. The parameter given in figuz e 6.15 is the ratio of hole
width, W, to the distance to the near edge, R, at the same altitude as
the radar antenna. It turns out that above this altitude the hole narrows
very slowly with altitude; thus, if one predicts a hole of constant width,
he will be a little pessimistic in that the hole at greater heights will
actually be somewhat narrower than predicted.

(f) Practical Limitations

In applying ray tracing techniques to pr .ctical propagation prob-
lems, several limitations should be kept in mind. First, elevated layers
as they occur in nature are rarely uniform over the 100-200 mile ranges
called for in the foregoing ray treatment. Even if one had an accurate
refractive index profile at one point along the propagation path, this
would not necessarily be representative of the layer characteristics
100 miles, or even 50 miles, away. Usually elevated layers can be re-
garded as being reasonably uniform, but one must remember that a
single radiosonde ascent may not be representative of the layer in ques-
tion. It is always necessary to consider carefully all available synoptic
information.

Another characteristic of layers is that they have small-scale
irregularities which make them more like a ground glass mirror than
a smooth mirror in the region of total refraction. This has the effect
of scattering ener S, in, ^ tho radar hole from adjacent rays. This "fill-
ing in" of the theoretical well-defined radar hole is inore apparent at
the edges of the hole, particularly at shorter wavelengtns, since these
wavelengths are more affected by small-sized roughness elements.
For example, the southern California subsidence inversion layer looks
quite smooth at a 3-meter wavelength, but it looks quite rough to 0.5-
meter energy. As pointed out in chapter 5, weaker layers appear
srt,,,v: c-- than iP.tese 1 b:s; for this reason when a hole is present
dut To a ,vcak layer it is less likely to be filled in by scattering; i.e.,
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ix wi-l have more well defiheid bond-ries

Another compiicatng factor, which is particularly -cminon over
the sea, is that ejergy is reflected from the sea surface. This energy
will be incident upon the layer at much steeper angles than the direct
ray and thus will not be affected by the layer to any appreciab]e extent.
Energy reflected from ihe ses will, therefore, tend to fill in radar holes,
particularly at longer wavelengths (due to more e. "cient reflection).
The fact that deep radar holes are ob. ,rved, however, even over sea
paths, attests to the fact that one should not rely on sea reflections to
eliminate radar holes but rather only to reduce their intensity.

The above re-snarks are not intended to convey the impression that
atmospheric structure is so erratic that useful predictions of its effect
on radio or radar propagation cannot be made. It is wise, however, to
realize that various complicating factors are operating to modify the
simple assump*ions on which the computations are based. Observa-
tional evidence shows that radiosonde and refractometer data are usually
adequate for practical performance calculations.

6.3.2 Extended Radar Ranges

In the case of air-to-air layered situations, it is found that the
energy in the region just beyond the far edge of the radar hole is stronger
than when no layer is present. Theory [111 predicts that this should be
the case, and experimental evidence supports the theory. As the tar-
get closes range it will first pass through this region, which is usually
about the same width as the radar iole. As it moves in, the target
passes through numerous narrow fingers of alternately high and low
illumination. The field in the maxima increases as the far edge of the
radar hole is approached, and usually detection probability increases
markedly over that expected if no layer were present. Finally, when
the far edge of the radar bole is passed, the target will be lost until it
emerges fron.t-.." redg of the re.r hole at relatively close range.
The layer, therefore, serves to extract radar ene_ gy from the region
of the radar hole and to concentrate it in the region beyond. As -
tioned above, the enhancer-ent is strongest just beyond the radar hole;
it decreases gradually through a distance about equal to the hole width,
and merges with the free space field beyond.

3;her a l .6y: . present which causes a radar hole, the best oper-
ational procedure is to fly the radar above the layer at a height such



- 120 -

that the far edge of the radar hole coincides with the radar's normal
detectien range. In tds way, the enhancement beyond the radar holle
will serve to increase the detection range by at least half the width of
the radar hole.

e.4 Method for Dctermini.. Refractive Characterist'" from Radar
Performance Data

Under certain .circumstance, sueh as eAswrff r'rier opra-
tions during radio silence, oni, may not be able to obtain radiosonde data
from which to make predictions, and at the same time airborne refrac-
tometers may not be available. It may be feasible, however, to obtain
initial detection ranges on incoming aircraft at several altitudes with
surface search radar. Such information will serve to define the shape
of the radar horizon line and thus indicate the presence of an elevated
layer.

It was stated in chapter 5, that the range to the radio horizon in
an atmosphere with a Ilnear N-gradient is

R =2ehR + 2 aehT

where ae is the effective earth's radius for the N-gradient present, hR
is the radar height, and ht the target height. If one plots R versus ht,
for various N-gradients, the result is shown in figure 6.18. The dis-
tance is made up of two parts, corresponding to the two terms expressed
above. The first term is the distance from the radar to the radio hori-
zon (V_ h hR) and is plotted to the left of zero. Since this term is
usually quite small compared to the second term, the effect of varying

ae is insigniticant, and the standard N-gradient of 12 units per 1,000
feet, has been assumed. If the radar is at a height of 100 feet, the hori-
zon d.stance is 12 miles. If the N-gradient is constant, the total hori-
zon distance for a ;;ve-. TL.-gt .. ht is t'±,':u 1 2 miles plus the horizon
distance at which the curve corresponding to thz e - sting gradient inter-
sects the target height, ht.

6.4.1 Layer Characteristics

Tf one has initial detection range data at several target heights
ai: 1 pla, .: t.;,;m ,n fig ire 6,. B (after subtracting the radar height term),
the points will lie on a single curve if no elevated layers are present.
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in this case the positiofn of the Piotted po,s as shown by the t -

in relation to the curves already ploited on figure 6.18, enables one 1.o
determine the N-gradient directly.

When an elevated layer is present, the points obs, .'ed for the
targets (aircraft) below the l'ayer height will lie on a ingle vrve as
before. When the targets are above the layer, -., wever, ti.i points will
lie fArther out, as shown by the crosses in figure 6.18. T1 -cason for
this is that, as the rays penetr..te the layer they ar. bent dcw -Iard (as
illustrated in fig. 5.2), thus extending the horizon somewhat.

Using points plotted as in figure 6.18, one can determine the layer
characteristics in a particular situation in the following way:

1. Observe that the lower points (crosses) lie on the curve
correspondingto anN-gradient of 15 units per 1,000 feet.
Thus, one can say that this is the N-gradient below the
layer.

2. Next, place the overlay (fig. 6.19) on top of figure 6.18.
This overlay is simply a duplicate of the curves plotted
in figure 6.18 to the right of the origin (h = 0, R = 0).
Now move the overlay up and to the right, keeping the
axis at the bottom parallel to the horizontal lines in fig-
ure 6.18. A position of the overlay will be found such
that ".he upper points (crosses) fall on one of the overlay
curves. When this position is found, the overlay curve
corresponding to the plotted points indicates the N-gra-
dient above .hz- .5, r (4 - 12 in q case).

3. Read off the height hl, and range R1 , where the two curves
intersect (TT = 15 of figure 6._8 and = of the
overlay). Inthiscase h, = 3,500feet and R 1  76 miles.

4 Ofea ! ofTlt "Of ;12, and distance R 2, of the overlay
origin(cross). In this case h2 = 1,100 feet and R2 = 16
miles.
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5. The intersection Ieight of the two curves h!, is th layer
height. The total change of N through the layer is deter-
mined by

AL= 0.04j'' ( ) R(.2
U Rl \I- R 2 )

h, 2 2
where 0.0541(- ) N1 and 0.. Al ( R1 _ ) N2 ,
In this case R 1 2 2

3,500
=- = 46.0 feet/mile

R 1  76

and

h - h 2  3,500 - 1,100 2,400
= = - = 40.0 feet/mile

R 1 - R 2  76- 16 60

6. Figure 6.20 is a plot of N1 (or N2 ) versus-ho N I, cor-
respgnding to (-4) 46.O, is 115, and N2 , correspondingnI - 29 -2
to ( R - R) = 40.0, is 87. Thus, ANL = NI - N2 =
115 7 = 28 units.

In summary, the points plotted on figure 6.18 indicate that the N-profile
has a gradient of 15 units per 1,000 feetup to 3,500 feet, then a decrease
of 28 units, followed by an N-gradient of 12 units per 1,000 feet above
this height. It is not feasible to determine the layer thickness from
detection range data. One would need a large number of very precisely
measured points and would have to assume a smooth, absolutely uniform
layer in order to derive the layer thickness. Instead, one has obtained
the effective i-4 ;;ac-A he i r wou,,i bave if it had zero thickness;
i.e., if it were a very sharp (thin) layer.

In addition to figures ,. 18 and 6.19, full-size reproductions (with-
out the plotted data shown) have been printed on transparent paper and
are provided as loose-leaf inclusions to this manual (charts VI and "'I).

1 +hnugh charts VI ari VI may be used in their present form, it is hug-

s,-Sd -.nlat work~ng copies be made on transparent plastic stock using
the Ozalid 'or other , duplicating process. Routine use of these charts
in their present form will soon result ;.i) their destruction.,
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Using the figures given in the preceding example we obtain

4. 7 -1
R, L 28  28 -0.048[l -0.0209(15)lh (6,13)1 -0.0209(15)

R= 7.1 F_.3 28-0.0331l]
or 7 T8R = 37.5 L V1 -, "0118

If the radar heigh4 is 850 Feet or more below the layer, the radical will
be imaginary and no hole will be found. If it is closer to the bottom of
the layer than this, say 500 feet below the layer, there will be a hole
between 13.5 miles and 61.5 miles,

(b) Radar Above the Layer

When the radar is above a sharp layer, the distance to the near
edge of the radar hole at radar height is similar to that given in section
6.3, namely,

ht '

R' (naut. miles) = 14.8 - , (6.14)
V' 48 7(

where h" is the rz.dar height in feet above the layer and (0)2 i3 the
N-gradient in N-units per 1,000 feet above the layer. The distance R"
to the far edge of the hole (again at radar height) is obtained from fig-
ure 6.21. In this figure, it is assumed that

(-2) = (V) = 12 units/1,000 feet

which will be r- - -,bv wi.l1 satisfied most of the time. This figure
is similar to figure 6.15, which applies to laycrs of fi.-'te thickness, and
gives the ratio of hole width W to RI in terms of ANL and radar heijr I,

h" , above the layer.

(c) Summary

To .ur,,iarr'ze L: use of the radar method for obtaining refrac-
tive characteristics, one finds that if initial detection raPges on incom-
ing aircraft are avi tdable for at least f ur different aircratft altitudes,
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one can predict the localica and extent of radar holes for airborne
radars. In order to do this without layer thickness information, one
must modify the methods of section 6.3 as has been shown.

It should be emphastl-ed that the N-profile characteristics derived
ia thisway are dependent upon the accuracy witliwhiC 'he horizon line
of ship-borne radar can be defined. As -an be seen ui figure 6.18,
errors of a mile or so in defining this line , bove the layer will cause
appreciable errors in the derived layer characteristics. It Is, there-
fore, much better to use reractometer or radiosonde data if it is avail-
able.



- 128 -

7. RADIO PERFORMANCE

The physical concepts of radio wave propagation, which were de-
veloped in parts I and II of this manual, apply equally well whether one
is concerned with radar detection or with radio commur 4nation. The
application of these concepts, however, is somewhat differeL in the two
cases. Since radar detection involves reflect4 . .i of energy from the
Larget and a return .j-' - otu, radar aitenn,, a great .a. mote power
is required for the detection cf a target at a given distance than for
radio communication over the same distance. Furthermore, the mete-
orological effects needed to increase radar detection ranges are much
stronger than those needed to extend communications ranges by the
same amount. In this section, the principles presented in parts I and
II are applied to the problem of radio communications over the ocean.
Before proceeding, however, it is necessary to become familiar with
the term, "decibel".

Since radio power or field strength may vary over a very large
range, covering many orders of magnitude, it is convenient to express
these quantities on a logarithmic scale. In most radio propagation work,
the power or field strength is expressed in "decibels below free space".
To understand this and similar terms, one must bear in mind that deci-
bels always refer to a ratio. The definition of decibel (db) is

Po Fo
db= 10 log-p= 20 log- , (7.1)

where P is power (or intensicy) and F is field strength (or amplitude).
The zero subs%..:ipt refers to a reference power or field. If the refer-
ence is the free space power or field at a given distance from the trans-
mitter, then expressing the power at "x" decibels below free space,
means that ten times +th ., ,tio of "fr,,e space" to "measured
power" at a given distance is equal to "x". For ,vample, suppose the
measured power received at 20 miles from a transmitter is one-fifth
of the computed free space power rt 20 miles. Then PO = 5, but log 5P
= 0.70; thus, on a decibel scale the measured power is p0 (0.7) = 7
decibels below free space. In the same example, since -O = 5, then
Q- \T 5--= 2,24, but log 2.24 = 0.35, and 20(0.35)= 7decibels. Thus,

the c :cib).1 -v,,% is the saint .hether the power ratio or the amplitude
ratio is used. The following sections dI i4 33 the effects -f meteoro-
logical variables on radio communications.
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7.1 Surface-to-Surface Situations

7.1.1 Linear N-Profile

Consider now the case of two ships proceeding away from each
other with omnidirectional antennas rad:ating at a wavelength, i, and
located H feet above the sea surface. How does the rad. ignal strength,
as measured at one of the ships, vary w-"h distance? The result is
shown schematically in figure 7.1.

At very close range, there is interference between the direct and

surface-reflected rays. this will cause the field to pass through max-
ima and minima as the ships move apart. At distances where the two
waves arrive just out of pbase the received signal will be very low.
These distances are d = n where n is an integer(l, 2, 3, etc.). The

greatest distance where a minimum will occur corresponds to n sI or

d = :f. Suppose for example that H = 100 feet and X = 1 meter (300
mc.); then d = 1.0 nautical mile. At twice this distance the signal will

z

<P HORIZON

FREE S~.....
20

40

z I

60 I

0 40 il0 120
DISTANCE FROM TRANSMITTER (NAUT. MILES)

Figure 7.1. Radio Field Strength versus Distance ior Vaious Propagation Conditions.
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again pass through a maximuni. Since the two waves are in phase the
signal amplitude will be double the free space field at this point (power
will be 4 times free space). Thus, the field is 10 log 4 = 6 decibels
above free space. From this point on, the signal will decrease steadi.V;
with increasing distance. WhEn the distance is doubled again (d =
or 4.0 miles in the example above), the field will be equ, to the free
space field. At this point the two waves arri -e 900 out of phase with
each other, so the measured field is smppLy thaL of either wveV aloe

As the ships continue to separate, theywill reach the horizon dis-
tance. Since both antennas are assumed at equal height this distance is

= 2.21 (7.2)dh=2, a~e = .2 0.0209( 1

where H is the antenna height in feet and-4is the N-gradient in the
layer below the antenna. For H = 100 feet and-- = 12 units per 1,000
feet, d = 25.5 nautical miles. The signal strength at the horizon dis-
tance turns out to be very nearly constant (when expressed as db below
free space) over a wide range of wavelengths and N-gradients. Figure
7.2 shows the horizon signal strength versus X for a substandard N-gra-
dient (8 units/l,000 ft.) and for a superrefractive gradient (30 units/
1,000 ft.). The solid curves represent 100-foot antenna heights, and the
dashed curves represent 50-foot antenna heights. It can be seen that a
value of 24 ± 1 decibels below free space represents the horizon signal
(field) strength for all but the shortest wavelengths quite closely. The
main effect of changing the N-gradient is to increase the horizon dis-
tance according to the above expression.

Beyond the horizon distance, the radio waves entei the diffraction
region in which the ?ttenuation rate (decrease of field strength witb
distance) in decibels pei nautical nr.-e is co.LA-t.At. The attenuation
rate, A, in this region is

A (db/naut. mile) = 0.72 0. 0 (7.3)

whci ,s :h.. waN eleng~h in centimeters and I is the N-gradient be-
low antenna heigbh. Using the previous exar~ple ( I00 cm., N

12 units/,000 ft.) gives a rate of 1.3 decibels per nautical mile; smaller
A's and smaller N-gradients will increase tha rate. Table 7.1 shows
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Figure 7.2. Horizon Field Strength versus Wavelength.

the attenuation rate for various X's and N-gradients. This constant
attenuation rate will control the fields out to a distance of about 50 miles
(for shipboard antenna heights).

From this point on, the radio waves enter the "scatter" region,

in which the dominant propagation mechanism is scattering from atmos-
pheric inoo i 4 ,The attenuation rate in this region has been
found experimentally to be about ui. 15 of P aeezlbel per nautical mile and

is reasonably independent of wavelength. "I ne sc.'*-r ree' s o
usually of particular interest in shipboard communications because tne
fields are so weak that very high-power transmitters anid large, highly-
directional antennas are required to obtain a usable signal. Shore in-

stallations, between islands for example, often use such measures, Pa' d
"--- et ermn~ain are very reliable. The fields in tern-

jkerate lauLtudes are usually somewhat stronger in summer than in win-
ter, because .he presenc-te of more water 'apor results in more intense
scattering parcels.
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rABLE 7.1

I-AN(upits/l.000 ft.)

CM 0 10 12 15 20 25 30

1600 0.73 .71 0.68 .65 1 58 0.50 10"

S00 . 9 3 0.90 0.87 084 10.74 0.64 .551
150 I1.17 1.13 1.0.9 1.05 0.93 0.81 0.69

60 1.58 1.53 1.47 1.42 1 1.25 1.09 0.93

30 1.99 1.92 1.86 1.79 1.57 1.37 1.17

15i 2.51 2.43 2.34 2.25 1.98 1.73 1.48

Attenuation Rate in the Diffraction Region (db/naut. mile) for Linear N-Gradients.

7.1.2 The Effect of Layers

Thus far, the effects of constant N-gradients on communications
have been considered. Under these circumstances diffraction theory
may be applied quite easily, since a linear N-profile may be closely
approximated by simply changing the effective earth's curvature. In
the case of nonlinear N-profiles, with surface and/or elevated layers,
theory has not been so well verified by experimental evidence. It is
necessary, therefore, to resort to semiempirical methods, as derived
byGossard and Anderson[14], to obtain usefulresults. In practice, one
is not interested in the signal strength as such, but in how much addi-
tional communicating distance will result from given layer character-
istics. This ,dditio. distance is given by

AD (n iut. miles) = (Do -2.55 411) [(T +iB (7.4)

where Do is the normal communicating distance in nautical miles, H is
,14e atenna height in feet, &.., is the change in N through the layer, hT
is th. . ye; -tr-p hcigh- i.i feet, and A, B, and C are given in figure 7.3
as functions of waelength.
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Figure 7.3. Attenuation Coefficients versus Wawength.

NumeL ical Example

Suppose for example X = 100 centimeters, H = 75 feet,
and Do  3 _:s :35. 'he la-%'et zharacteristics are
hT = 2,000 feet and ANL = 10. - f'gv'a7.3;,=
-116, B = -62, C = +63

105
AD = (35 - 22) 1'- - 1) = 32.5 nautical miles .

Increasing the layer-top height to 3,00G feet makes

A,) = 20 nautical miles.
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Equation 7.4 applies only over a limited range of elevated layer
characteristics. It would not b used under strong ducting conditions;
i.e., when, A + B log ANL + C log hT, is less than about 10 decibels.
Under these conditions, the assumotion of a constant sica l at the- Ihn -
zon distance becomes invalid. For conditions between standard and
moderate ducting, and for extnnded ranges within 100 miles from the
transmitter, equation 7.4 will be reasonably reliable.

When layers are present which give very la,'ge (or negative) AD' s
using the above expression, there is no method (empirical or otherwise)
for predicting the expected extension in communicating distance. When
trapping layers are encountered, the fields at the horizon and beyond
are found to be nearly at the free space level for great i stances. When
the hT and AN, of a layer exceed the trapping criteria shown in figure
6.7, i is safe to conclude that communication signals will be very much
stronger than usual, and that communications may be carried out be-
tween ships at much greater distances than normal.

7.2 Surface-to-Air and Air-to-Surface Situations

The meteorological effects on surface-to-air communications will
be considerably less pronounced than those described in chapter 6. The
region of maximum signal enhancement caused by atmospheric layers
extends from the sea surface up to the top of the layer. Since strong
effects are rarely caused when the layer top is above a few thousand
feet, the aircraft will usually be well above the region where strong
effects occur.

In cases where appreciable surface-to-surface effects occur, the
signals above the layer will also be enhanced, but to a degree which
falls off rapidly with height. Experimental evidence shows that in cases
of strong ducting, the field for the first few thousand feet above the layer
top is appreciably stt c-g:' -- t+sn when no duc+ is present. Also, when
the aircraft is at high altitudes ,30,000 - 40,000 ft.). ihe raelo horizon
distance is increased by as much as 5 percent of its standard value of
1.23 (\R R + \HT), where HR and H, are the two terminal heights.

No systematic study has been made for intermediate altitudes.
It is likely, however, that the degree of communication range extension
wiil n,.. z* ^ a fewpercen, :, enever the aircraft is mnore than a few
tiio-sa .6 feet above the iyer top.
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In the absence of layers capable of causing appreciable surface.
to-surface signal enhance:;4ent, the surface-to-air enhancement will
be negligible. One can conclude, therefore, that the meteorological
effects on surface-to-air communications will generally be very much
less than over surface-to-surface paths, and that they will be appre-
ciable only when the airc-aft is at low altitude (such that surface-to-
surface criteria apply).

7.3 Air-to-Air Situations

When both terminals of a communications link are well above the
surface, the effects of weak elevated layers become more important
than they are when one terminal is near the surface. In this situation,
radio holes can play.- a significant role in redistributing the transmitted
energy.

In section 6.3 (air-to-air radar), it was noted that radio holes,
caused by relatively weak elevated layers, can cause radio energy to
be very weak in the radio hole, and that beyond the hole, for a distance
roughly equal to the hole width, the energy is stronger than usual. Thus,
as two aircraft move apart, the signal will decrease at the free space
rate until the near edge of the hole is reached. Then it will decrease
markedly for a distance of many miles, until the far edge of the radio
hole is passed. At this distance, the signal will increase markedly in
intensity, pass through a maximum, and then will gradually fall off to
the free space values at a distance roughly equal to the width of the
radio hole. Beyond this, the layer will have little effect, and the signal
strength will again decrease at the free space rate (6 db per octave of
distance). The methods for locating the boundaries of the radar hole
which were developed in section 6.3, are of course equally valid for
the radio hole, since the phenomena are identical.

It should bV- e- hn- sized that all of the above effects occur within
the radio horizon as determined by d = 1.23 O,. Fi-,). This dis-
tance for high altitude aircraft is rather large (356 ,iiAles a 20,000 ft
for example), so free space attenuation will usually limit the communi-
cation range before the earth's shadow becomes effective.
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8. REFRACTIVE INDEX CLIMATOLOGY

In part II of this manual we have discussed methods for describing
the refractive properties of an atmosphere in terms of various refrac-
tivity profiles, and in part III we have outlined procedures for predicting
radio-radar performancL in terms of specific refractivity conditions.

In the absence of specific informatiu,, and particularly for plan-
ning purposes, it is useful to develop a knowledge of the climatology of
refractivity. An understar ding of the refractive properties of air masses
will also be helpful in answering questions as to the horizontal extent
and time persistence of refractive layers. For these reasons such a
climatulogy is presented in the following paragraphs.

8.1 Seasonal Distribution of Refractivity Near the Surface

If we examine the first term, the "dry" term, on the right-hand
side of eqnations 3.3 or 3.4, we see that it is proportional to air density.
From typical atmospheric data, it can also be shown that the "dry"
term constitutes at least 60 percent of the value of N. For these rea-
sons the refractivity is strongly affected by pressure changes.

In order to study the distribution of refractivity at the surface, it
is desirable to suppress those variations produced solely by surface
topography. For this purpose we use a technique analogous to that of
reducing station pressures to sea level. Solving the expression for the
standard refractivity profile, equation 3.5, for Ns we have

ch
No = Ns exp. c

where Ns is the refractivity at the eLrth's surface, H is the refrac-
tivity at height h above the surface and c is the exponential coefficient
of a parttcular si.,nid nrd prcfite. We then define a datum refractivity,
No , as follows

No = Ns exp. ch. (8.1)

where Ns is the surface refractivity, h s is the height of the surface, aiid
i is again the exponent"--1 coefficient of a particular standard profile.

'b ", refracti- -ty jb then the value obtained if one extrapolates the
surface value along a standard refractivilv profile to zero hnight.
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In order to facilitate the reduction of surface refractivity values
to the zero-height datum figure 8.1 has been prepared, using the value
of c = 0.1057 as arbitrarily adopted by Bean and Riggs [3] as being the
most representative standard profile. Equation 8.1 then becomes

0.1057 hs
No = Ns cxp.

where No , N --, I--h5 (inkilometers) are defi_ -' as in equatiu.a8.i, In
use, one locates the point on figure 8.1 corresponding to the surface re-
lactivity, 1,4 and the surface elevation, h s . By laying a straight edge
through the point and parallel to the set of sloping, dashed lines, the
datum refractiv'4y, N0 , may be read from the ordinate scale. Other
values of the exponential coefficient, c, could be represented on figure
8.1 by additional sets of sloping, dashed lines of different slopes.

Using the reduction method described above Horn, Bean, and Riggs
[15] have prepared world-wide maps of datum refractivity for various
months and seasons. Figures 8.2 and 8.3 show these results for the
months of February and August. It can be seen that No varies from
390 in humid tropical areas to 290 in desert and plateau regions. Con-
tinental interiors and mountain chains in middle latitudes are reflected
by low values of No as compared to coastal areas. Such major climatic
details as the Indian monsoon and orographic rain shadows are also
indicated by the No contours.

Figure 8.4 illustrates the climatic response of surface refrac-
tivity and shows a world-wide analysis of the annual range of monthly
mean values of Ns . Climatic controls, such as the prevailing transport
of maritime air inland over the west coasts of North America and Europe,
are indicated -y relatively small annual ranges of Ns (20 to 30 units).
On the other hand, a range of 40 to 50 units or more along the east
coast of the United States reflects the frequent invasion into this area
of such diverse air t.:,,- • i- coet''n-tal ar , . :

' and maritime tropical.
The largest annual ranges of Ns (90 units) are olb: rved in the Sedan of
Africa and in regions affected by the Indian monsoon.

8.2 Refractive Index Characteristics of Air Mass Types

Air masses, having approximately homogeneous horizontal dis-
trib.'-ion. ol' tP_'Peraau.e, !._,iidity, and lapse rate, have been defined
[61 and are commonly identified by the practical meteorologist in his
study of daily weather development. Nearly .iform characteristics
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are acquired when air remains over a large source region, with uniform
surface temperature and humidity conditions, until equilibrium is reach-
ed through the action of convection and radiative processes. Because
refractive properties are also determined by the distribution of tem-
perature and humidity, e, ch air mass may be associated with charac-
teristic refractivity values and profiles. These air mass characteris-
tics will now be described.

Because it is desire i to suppress the pressure-height variations
in refractivity, the A-unit presentation of refractive index (see section
4.4,3) will be used in constructing a'i profiles. The profiles thus be-
come more sensitive indicators of changes in temperature and humid-
ity.

8.2.1 Continenta 1-Arctic and -Polar Air Masses

Continertal-arctic air masses are produced over the arctic (and
antarctic) fields of snow and ice and over the snow-covered p6rtions
of the continents, where the wind systems are predominantly anticy-
clonic and large-scale subsidence is typical. Physical modification of
continental arctic air as it moves southward over the continents changes
it, by warming, into a continental-polar air mass in which the tempera-
ture regime is less severe.

The refractivity profiles of the two air masses, continental arctic
and continental polar, are similar as indicated in figure 8.5, which
shows representative profiles for both summer and winter. Continental
polar air is characterized summer and winter by a profile showing a
very slig.At increase in refractivity with height. Continental arctic air
shows the same slight increase with height above one-half kilometer,
but exhibits a sharp increase in the lowest levels above the ground.
Large surface i.- con'-i"ntal arc'tic air indicate extremely low
ground temperatures characteristic of a prnnuunced a-ctic inversion.

When continental polar air is found away from its arctic source
region (in the United States for example), it has usually been modified,
and the strong surface inversion has been erased. A nearly linear p-'-
file, resembling the standard refractivity profile, results and sup c-
r'.Fracitk'. effec.ts are .-.duced. On the other hand, ducting occurs re-
latively frequently near the ground in the arctic source region.

8.2.2 Maritime-Polar Air Masses
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The maritime polar source region is in reality an oceanic zone
of transition seprating the tropical maritime source from the polar

and arctic continentja scrce. Duri-ng the wh'nex-- maritime polar air
over land exhibits a linear profile above about mne 1 -IsiLmeter level
with a decrease in refractivity in the lower layers (see fig. 8.6), due
to the drying-out effects of an over.-land tra jectory. Summertime pro-
files over land and oceanic profiles show an icrease in refractivity

near the ground due to the addition of water vapor (at warmer tempera-

As a cons.uence, winter profiles ove" land generally pIr oduce

standard or even substandard refractive conditions, while summer and
oceanic profiles tend to become superrefrac:t~ve.
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grions of this air m=ass. Continuous subrefractive effects can be expected
in continental tropical air in view of the large positive A-gradient.

8.2.4 Maritime- Tropical Air Masses

The maritime tropical source r'egion comprises the oceanic areas
on the equatorial side of the subtropical high-pressure belt in both hem-
ispheres.

X:: hn _ in film.-e 8,7. -rofiles for this warm, humid air mass
show i =,ai-kd decrease in refractivity with height, often amounting to
40 A-units or more it the 3-kilometer level. S,, 'iace refractivity values
are about 10 A-units higher in summer due to the in creased insolation
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over Northern Hemisphere source regions. Superrefractive effects can
be expected within this air riiass boeh summcr and winter, but they can
be expected to be more pronounced in summertime due to the increased
water vapor gradient.

8.2.5 Superior Air Masse3

Superior air is essentially a high-leve' air mass, - hough it may
appear at the surface. It appears most frequei dly over the southwestern
part of North America and is believed to be created largely by large-
scale subsidence aloft.

This air mass is characterized by a near-linear profile, as shown
in figure 8.8. A slight decrease of refractivity with height is evidenced
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Figure 8.8. Represenfative Profiles for Superior Air Masses.
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in most summer profiles. Winter profiles typically show about the same
rate of decrease to the 2-kilometer level, above which a slight increase
in refractivity is observed. Superior air mass profiles approximate
the standard refractivity profile, with only a slight tendency toward
superrefraction. Normal propagation at microwave frequencies can be
expected within a superior air mass; ducting is most unlikely due to the
dryness of superior air.

8.2.6 Air Mass Summary

In order to summarize the salient refractive characteristics of
each of the several air masses discussed in the preceding paragraphs
table 8.1 has been prepared for convenient reference.

TABLE 8.1

A-Profile Summer Winter
Characteristics N o A at 3 km. N o A at 3 km.

Continental Near-Linear 330 330 340 330
Arctic (above surface inversion)

Continental Near-Linear 330 330 320 325
Polar

Maritime Near-Linear 340 330 320 330

Polar (above 1 km.)

Continental Strong Positive 300 340 290 330
Tropical A-Gradient

Maritime Negative 380 340 360 330
Tropical A-Gradient ,I,_, I

Superior Near-Linear 330 320 310 31.0
_______ .. ..5 ____________. - - .________. _______

Typical Air Mass Refractivity Characteristics Between the Surface and 3 Kilometers.

8.3 Mechanisms of ^ r . Modification

We have described, in very general terms, the refractive prop-
erties of the six most commonly identified air masses. These proper-
ties are typical for each air mass in or near its source region. As an
air mass moves from its source region it is modified by various phy-
sical mechanisms which come into play. In order to predict the prob-
abl:, ch-.-12"t,-rjstics of siirh ' -"arsient air mass we shall now discuss
each: L ha-'s., in turn.
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8.3.1 Radiation

An important physical process, producing nocturnal atmospheric
stratification, is the continuous loss of energy by long-wave radiation
from the surface. For an average earth temperature of 2870 K. this
radiation has its maximnm intensity at 101A in the infrared portion of
the electromagnetic spectrum. Most of this outgoing radiation is cap-
tured by the carbon dioxide and water ipor abso. '-n bands in the
atmosphere, so that the ground cools after andown at a relatively slow
rate. Through conduction and convection processes the air layer next
to the ground also loses heat. An inversion layer several hundred meters
thick may be produced ir this fashion. Conditions favoring the formation
of strong nocturnal radiation inversions are clear skies, low humidity,
and light surface winds. Large humidity gradients are also common
in radiation inversions, so that superrefractive conditions and, occa-
sionally ducting, result from the 'arge negative refractivity gradients
produced.

Over ocean surfaces the effects just described do not occur to
any appreciable extent since as surface water cools, it becomes heavier,
sinks, and is replaced by warmer water from below +he surface. Thus,
ocean surface temperatures do not vary appreciably from day to night.

8.3.2 Turbulence and Convection

During the day surface heating is produced by insolation. Surface
heating is at a maximum on hot, clear, summer afternoons when the
ground may reach temperatures of 70°C. and higher, as shown by Sin-
clair [21]. The atmosphere above this superheated ground surface is
warmed .iyconduction and small-scale convection. Eventually, super-
adiabatic gradients are produced in the air layer above the ground, and
overturning occurs. This process, together with the turbulence created
by winds moviu-, u-., - rrnigh land surfaces, produces large- scale atmos-
pheric mixing which tends to destroy vertical stratifications, Accord-
ingly, standard or subrefractive profiles are the rule dur:ng daytim
hours over land areas with clear skies and/or where the terrain is
rough and moderate to strong winds axist.

As in the case of radiational cooling, the effects described ab ve
ai - r.ot ohbe-ve. ove.-: ean surfaces. Insolation striking a deep water
surface is not absorbed in a shallow surface layer but rather, pene-
trates to muderate depths. Thus, the ,urface temperature, tnuether
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with that of a thick layer of water, is raised only slightly. Also, the
roughness coefficient of even heavy seas is small compared to that of
most land surfaces.

8.3.3 Subsidence

Subsidence is defined as a large-scale downward motion super-
imposed on the horizontal air motions in the atmosphere. Its occur-
rence is common in the eastern portions of the 5emiperm_. - anticy-
clones of the Northern Hemisphere. The lower ..mit of subsidence is
well defined, and the base of the subsiding layer is usually found be-
tween 800 and 900 millibars. TI e subsiding air is warmed by compres-
sional heating and is characterized by a temperature inversion and a
large dew point depression, as shown by Petterson, Sheppard, and
Priestly [17]. Since the air below the subsidence layer is usually moist,
excellent conditions for the formation of superrefractive layers aloft
are present. The California coast of the United States, under the eas-

tern end of the Pacific anticyclone, is noted for the persistence of super-
refractive, elevated layers during the summer months.

8.3.4 Evaporation and Condensation

The addition of water vapor from a warm water surface to over-
lying cold air, takes place rapidly because of the higher vapor pressure
of the water surface. At the outset of this process, shallow superre-
fractive or ducting layers may be formed close to the surface. How-
ever, as the evaporation process continues and the moisture has been
mixed through a fairly thick layer (by convective processes) the uni-
form distribution of moisture precludes the formation (or maintenance)
of superrefractive layers.

Such evapo:i-tive effects may also occur inland when a cold, dry
air mass moves over moist soil or heavily vegetated areas. The Florida
Everglades, for example, have about the same evaporation rate as the
ocean.

8.3.5 Advection

An air mass moving over a surface of dissimiliar physical char-
acteristics (warmer, cooler, wetter, dryer) will be modified through
the actio. of surface heating or cooling, convection, evaporation, etc.
The rest '.s t; oo er-pented .- a y particular case may be deduced from
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the discussion given in the preceding paragraphs and are discussed iri
considerable detail in NAVA-ER 50-I P-527 [8].

8.4 Climatology of Ground-Based Ducts

For the purposes of this section atmospheric ducting (trapping)
is defined to occur whenever geometrical optics indicates that a radio
ray leaving the earth's surface is sufficiently refract,. *'at it eventu-
ally travels back toward or parallel to the e. th's surface. This cri-
terion has been applied by Bean [2] to several years of radiosonde ob-
servations from stationS typical of polar, temperate, and tropical cli-
mates in order to derive estimates of the variation of the occurrence
of radio ducts with climatic conditions.

Approximately 3 years of radiosonde data typical of a polar cli-
mate (Fairbanks, Alaska), a temperate climate (Washington, D. C.), and
a tropical climate (3wan Island, W. I.) were examined by means of a
digital computer for the occurrence of ducts during the months of Feb-
ruary, May, August, and November. The percentage occurrence of ducts
is shown in figure 8.9 for these three locations. The maximum occur-
rences of 13.8 percent for August at Swan Island and 9.2 percent for
rairbanks in February are significantly greater than the values observed
at other locations and times of the year. The Washington data display
a summertime maximum of 4.6 percent. These data indicate that the
tropical zone, maximum incidence occurs in late summer and is nearly
three times the temperate zone, summertime maximum; while the arctic
zone maximum occurs in midwinter and is about twice as large as the
temperate maximum.

The results of an analysis of refractivity gradients observed during
ducting are given in figure 8.10. The maximum gradient of 420 N-units
per kilometer was observed during Fz-bruary at Fairbanks, Alaska;
with a value of .q6 N-units per kilometer observed during August at
Washington, D. C. "! ne eradier.t oDot rved during duting at Swan Island,
W. I. reached a maximum (285 N-units per kn.) Dotn uuring August and
November. The annual mean values of N-gradient appear to show a
small latitudinal trend from a high value of 230 N-units per kilometer
at Fairbanks to a value of 190 N-units per kilometer at Swan Island.

Another property of :-.adio ducts is their thickness; typical thick-
ne,,*:*,-! .arc ;ho. - in igure 8.11. Again a small latitudinal trend
is observed as the median thickness increas'-s from 66 meters -t Fair-
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banks to 106 meters at Swan Island.

We may summarize the data of figures 8.10 and 8.11 by saying
that polar climates (Fairbanks) are characterized by shallow layers
with relatively intense gradients, tropical clime'es (Swan Island) are
characterized by thick layers with relatively weak gradients, and tem-
perate climates (Washington, D. C.) lie in between.

It is interesting to consider the temperatui. -.nd humidity distri-
bution that accompanies a radio duct An example t .- , Of echCisa-
tion is given in figure 8.12. The polar duct illustrated was accompanied
by a surface temperature of -25'C. with a strong temperature inversion
anid a slight humidity lapse, indicating an inversion associated with win-
tertime cooling of the air next to the ground. The temperate examp1t
appears to be typical of a temperate zone, temperature inversion. The
tropical profile, however, shows a moderate lapse of both temperature
and humidity. This apparent inconsistency is explained by the strong
lapse in vapor pressure which is associated with a moderate lapse in
temperature and humidity when the surface temperature is near 30°C.
This strong, vapor pressure lapse presumably arises from evaporation
from the sea surface.

The structure 9f ducts was further examined by studying the per-
centage of the total N-gradient in each duct. contributed by the gradient
of the "dry" and "wet" terms. The median contribution of the "dry"
term gradient, summarized in table 8.2, displays strong seasonal and

TABLE 8.2

Month Fairbanks Washington, D.C. Swan Island
(Polar) (Temperate) (Tropical)

February 103: I 73 .0'o 9.5%

May 40.5% 33.5% 2.016

August 37.0% 26.5% 4.5%

!November 62.0% 55.0% 6.0%

fAD tAN
Median Contribution of A to -N for Ducting Conditions.

.- h £Ah tng ordto .
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geographic differences. The "dry" term contribution decreases from
winter to summer and from arctic to tropical climates. The tropical
ducting gradients are then at least .vO percent due to humidity lapse,
while the polar wintertime maximum is due to the strong temperature
inversion which is associated with very low surface temperatures. In
fact, under these conditions vapor pressure increases with height, and
the dryterm contributes more than 100 percent of the ducting gradient.

8.5 Climatology of Superrefractive Elevated -vers

Although no systematic study of elevated layers has been com-
pleted on a scale large enough to support statistically valid conclusions,
a few general statements may bo made. The great majority of all strong,
superrefractive, elevated layers are associated with subsidence in the
atmosphere. Since subsidence involves an adiabatic process, a given
layer may, therefore, be associated with a certsin, constant potential
temperature. In other words, the layer is in an isentropic surface.
This concept may be used operationally to estimate the horizontal ex-
tent of strong superrefractive layers by indicating the particular heights
most likely for layer occurrence at points removed horizontally from
the known sounding, It must be remembered, however, that the exis-
tence of the "same" potential temperature alone is not sufficient evi-
dence for extending an elevated layer horizontally intoI 'unknown" areas;
other considerations must also indicate a "good" probability for its
existence.

In maritime-polar air masses over the western Atlantic and North
Pacific, the boundary between the moist, lower, mixed layer and the
unmodified, dry, upper layer can frequently become an elevated super-
refractive layer. When the existence of such a layer has been estab-
lished by measur-ement, the tops of the convective clouds in the mixed
lower layer can be assumed to be at the height of the layer base.
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9. SYNOPTIC STUDIES OF REFRACTWE PROPERTIES

As indicated in the introduction, no practical techniques exist
which will permit one to make useful predictions of the refractive state
of the atmosphere beyond a 6- to 12-hour range. For such "short"
periods one may properly, either assume no change in measured con-
ditions, or predict trends in the modificat_ -- of obse. vtd refractivity
profiles expected as a result of forecast meteorological changes.

One approach to the problem of longer-range refractivity fore-
casting lies in the direction of predicting the detailed pressure, tem-
perature, and humidity structure at several points within the area of
interest, and from these predictions calculate the required refractivity
profiles. The precision realized in 12- to 36-hour forecasts cf P, T,
and RH with presert-day methods is not sufficient to produce useable
refractivity predictions for these forecast intervals. This approach,
for periods in excess of 18 hours, -an be expected to lie beyond the
ostate of the art" for many years to come.

Another approach would be to attempt to develop 3-dimensional
models of refractivity which could be directly associated with the class-
ical synoptic features (fronts, highs, lows, etc.) and which would be
sufficiently representative of the real refractive situation to permit
useful forecasts to be made from a knowledge of expected synoptic de-
velopments. In order to explore this approach to the refractivity fore-
casting problem, a detailed case study has been completed by Horn,
Bean, and Riggs [15] and is described in the following paragraphs.

9.1 Analsis of the Storm of 18-21 February 1952

A wintertime storm, displaying strong contrasts of continental
polar and maritim- h i -2 ai , "*- chose, fo- study of the refractivity
model problem. This particular storm conaz_:nce, with a. outbreak
of polar air across the Great Plains from the 18th to the 21st of Feb-
ruary 1952, during which time a pronounced cold front developed and
moved rapidly across the United States.

9.1.1 Description of the Synoptic Development

At the start of the period a frontal system had come in from the
Pacific Northwest and wai composed of a cold front extending from
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northern Utah southward into Arizona, with a stationary front extending
northeastward into Wyoming. This frontal system had moved very
slowly for several days prior to the start of the sequence. With a fresh
outbreak of polar continental air east of the Rocky Mountains this old
front became more active and (moving ahead of the fast-moving, polar
continental front sweeping across the Great Plains) was reported as a
squall line by the time it crorsed the Mississippi River early on the
morning of the 20th of February. During the latter part of the period
the polar-maritime cold front/squall line was 1 -',ted in t- _,;veloping
warm sector of the polar-front wave. The entire frontal ensemble of
cold front, polar-front wave, a'id squall line had moved rapidly to the
east coast by the morning of the 2 1st, which is the last day of the period
studied.

This storm sequence is a rather well developed one, with strong
temperature and humidity contrasts between the air masses within the
warm sector and behind the cold front. The existence of this strong
contrast was one of the main reasons for studying this particular period,
because if refractivity is not a good synoptic indicator in this case there
is little hope of its being one in more subtle synoptic disturb..nces.

9.1.2 Datum Refractivity (NO) Analysis

In order to supress the effects of topography, the datum refrac-
tivity, No , (see section 8.1) has been used as the refractive parameter
plotced in all horizontal analyses. Charts of No were prepared from
surface observations taken every 12 hours from 0130 EST, February 18
until 1330 EST, February 20, 1952, or, in other words, every 12 hours
during the period studied. These No charts are presented in figures
9.1 through 9.6. Each chart zshows the NO field with the U. S. Weather
Bureau frontal 1nalysis (surface) superimposed; conventional frontal
symbols have been used in these figures. The cold front which originally
extended from Utah southward appears to be rather weak, since it is
not associated with an -r.. -7ble N,-cha.gc- tcross the front., In the
early stages of our sequence the lack of air mass c-r-rasts is evidp'iced
by the slight change in the position of the 290 No-contour (encircling
the west Texas and New Mexico r:ea) as the frontal system moves
through that area. By comparison, the cold front which later sweeps
down across the Great Plains has a rather marked No-gradient across
the front; due in large measure to the northward flow of warm, moist
air i1.o . ,arr . cr, v 1- h had formed by 1330 EST on the 19th.
It is perhaps significant that, the No-contours show the various frontal
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systems as transiticn zones rather than as sharply defined disconti-
nuities.

Figures 9.1 through 9.6 appear to indicate that NO does reflect
frontal system changes and that, with extensive studies of many cases,
a system of direct objective fcrecasting from this parameter might be
developed. Although this conclusion is based on a study of a single
storm, it appears to be borne out by prelimi tz-y analy' - of other
frontal systems.

9,1.3 Vertical Cross Section A-Unit Analysis

Another aspect of this case study is illustrated in a series of
charts displaying vertical cross sections of the storm of 18-21 Febru-
ary 1952 in terms of A-units, which are largelyfree from a pressure-
height dependency (see section 4.4.3). The height distributions of re-
fractivity along the base line of the particular cross section shown in
figure J.7 were computed for every 12 hours during the 4-day period.
Examples representing the early, mature, and late stages of the out-
break are reproduced as figures 9.8, 9.9, and 9.10. At the outset of the
period of observation, the A-unit gradient was quite flat around the polar
front. By 1000 EST on the 18th of February, figure 9.8, the polar front
was located midway between Glasgow, Mont. and Dodge City, Kans.
The contrast between the southerly extension of polar air and the nor-
therly advection of tropical maritime air, from the Gulf of Mexico into
the developing warm sector of the polar-front wave, is evidenced by
the relatively large A-gradients in the vicinity of Dodge City. The core
of tropical maritime air has evidently not progressed far enough north-
ward to displace the warm but dry air that had been over the Great
Plains prior to 'he outbreak. As a result, a region of low A-values is
found between the front and the tropical maritime air. Twenty-four
hours later, figure 9,9, the core of tropical maritime air has become
more extensive and now: r-_ her fo a, -Ititude of I kilometers. A second
cold front was now reported on the daily weather -np. and the area of
low A-values is confined between it and the main cold front. Finally,
by the morning of February 20, figu-e 9.10, the front has passed to the
south of Lake Charles, La. and the polar air just behind the front is
characterized by relatively low A-values.

9.1.4 " Chart AiialyJs

The use of space cross sections does not 3lways yield measure-
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ments at the most desirable points along a frontal interface. Another
method of determining the refractive index structure in a frontal zone
is to construct a time cross section from the series of radiosonde ob-
servations taken at a single station. Thus, as the frontal system ad-
vances and passes over the station, one obtains a time-history of the
structure of the frontal zone. Such cross sections may be drawn using
time, or the distance from the station to the front (at the surface), as
abscissa. In the latter case, the presentat- )n is referr-"' to as an epic
chart since the observations are normalizea with res,.ect to the frontal
passage. Epic charts are illustrated in figures 9.11 and 9.12. Figure
9.11 represents a typical continental station located in the polar conti-
nental air throughout the storm sequence under study. The essential
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Figure 9.11. Epic Chart in A-Units, Ra..id City, South Dakota.
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feature here is the absence of detail in the A- structure due to the pres-
ence of a uniform air mass over the station. Compare this with t.,e
epic chart for Oklahoma City, Okla., figure 9.12, which clearly shows
a strong prefrontal A-unit high, a strong gradient across the frontal
interface, and an A-unit low behind the front. Figure 9.12 was cor.-
structed for a station located t t the point of confluence of virtually un-
modified polar continental and tropical maritime air.

9.2 Conclusion

Although no general conclusions should be drawn from this single
case study, it appears probable that 3-dimensional refractivity models
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Figiure 9.12. Epic Chart in A-Units, Oklahoma City, Oklahoma.
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could be developed which could be directly associated with synoptic fea-
tures and which were gen'ra!y renpresentative of the refractive prop-
erties of the real atmosphere. With this object in mind preliminary
models for an idealized, continental, fast-moving cold front and for an
idealized, continental warm front have been constructed by Bean, Riggs,
and Horn [4] and are shown in figures 9.13 and 9.14. The figures are
drawn in the form of cross sections normal to the front and show the
frontal surfaces, the directions of motion, - nd the refra 'ivity fields in
the form of A-unit contours. Great care musL be exerc ,ed in the appli-
cation of these models, until such time as the details of their construc-
tion can be verified by th( analysis of a statistically valid number of
cases.
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